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Investigations of radiant and turbulent heat transfer in the
atmosphere are presented in this collection.

Data concerning radiant heat transfer in the troposphere in
a cloudless sky, in stratiform and broken cloud cover, were ob-
tained by means of aircraft and ground measurements, numerical ex-
periments, and theoretical analysis. Turbulent heat fluxes were
measured from aircraft in the boundary layer of the atmosphere in
conditions of a clear sky and in convective cloud cover. The basic
quantitative relationships of radiant heat transfer were considered
depending upon cloud cover—the principal regulator of the transfer
of radiation, and also as a function of other factors. Various
methods of calculating the radiant influx of heat are compared.
Methods of considering radiant heat transfer in problems of the
general circulation of the atmosphere and weather forecasting are
presented.

The collection is intended for speclalists in the physics of
the atmosphere, dynamic meteorology, the physics of clouds, ocean-
ology, and also for graduate and undergraduate students of the
appropriate specilalties.

Responsible editors:
Ye. M. Feygel'son and L. R. Tsvang
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Preface

The physics of the atmosphere and meteorology are located on /3%
the threshold of a great event—the Global Atmospheric Experiments —
organized by the International Scientific Union for 1975. A
large amount of research work for validation of the statements of
specific measurements precedes the performance of the experiments.

In this collection, certain results of such work of a collective

of specialists on actinometry and turbulence from the Institute of
the Physics of the Atmosphere (IFA) of the USSR Academy of Sciences,
in actinometry of the Institute of Physics and Astronomy of the
Academy of Sciences of Estonia (IFA AN ESSR) and the Ukrainian
Hydrometeorological Institute of the GUGMS (Main Administration of
the Hydrometeorological Service) (Ukr NIGMI) are presented in this
collection.

The general task assigned to the combined collective may be’
formulated thus: "Investigation of radiation and turbulent heat
transfer in the atmosphere in the reaction with cloud cover for
the purpose of developing physically valid methods of calculating
the influx of heat in problems of the dynamics of the atmosphere®.

The work began in 1966 and in this collection the basic re-
sults obtained in 1966-1969 are presented. Data from individual
investigations were published basically in the Izvestiya AN SSSR,
Seriya FAO (Bulletin of the USSR Academy of Sciences, Physics of
the Atmosphere and Ocean Series) in subject collections published
by the IFA AN ESSR, in the transactions of the Ukr NIGMI, and
other publications. The purpose of the collection is to give a
general concept of the totality of all the works performed with
an adequately brief explanation of particular results.

The diverse problems of the physics of the atmosphere, meteor-
ology, climatology, and engineering require information concerning
the basic mechanisms of heat transfer and their interrelationships
in the earth's atmosphere. In particular, such information is
necessary for one of the main contemporary problems of the physics
of the atmosphere and meteorology—investigations of the global
large-scale dynamics of the atmosphere (general circulation of the
atmosphere) for the purpose of validation and improvement of the
methods of long-range weather forecasting. This problem requires
a consideration of the basic energy resources of the atmosphere
and, among them, the influx of solar radiation—the primary moving
force of atmospheric motion—in reaction with long-wave (thermal)
cooling and other forms of heat transfer.

In the investi gation of the unsteady-state dynamlc regime of /4
the atmosphere, sources of heat must be considered with an allow-
-ance for thelr basic feedback. For radiation, obviously, the main

*ﬁﬁmbers in rightﬂand'm;fgi;'indicatempagihatioﬁ Bf"foreign text.

v



regulator is the cloud cover, determining the feedback of the radi-
ation field with the other meteorological fields. Therefore, the
unsteady-state process of heat transfer must be studied in inter-
relationship with the cloud cover. In this collection great atten-
tion is devoted to the investigation of the variability of radia-
tion fields in connection with the variability of c¢loud cover.

Three states of the atmosphere are considered: cloudless
conditions, an atmosphere with stratoformous, and with convective
cloud cover. In each case individually, two radiation fields are
investigated: short-wave (solar) (0.4 S X £ 4.0 microns) and long-
wave (thermal) (4.0 £ XA £ 100 microns) radiation, since their role
in heat transfer and reaction with the atmosphere and, consequently,
also methods of determination, differ. Turbulent heat fluxes are
considered only in cloudless conditions and in convective cloud
cover in the boundary layer of the atmosphere.

Much space in the collection is devoted to the investigation
of the quantitative relationships of the behavior of heat fluxes
and influxes as a function of the factors determining them: pro-
files of temperature and humidity, the turbidity (pollution) of
the atmosphere, water content and droplet composition of clouds,
and their arrangement in space. The statistical structure of
radiant fluxes is considered.

All the material in the collection is divided into four parts,
individual sections of which were written by the authors indicated
in the table of contents. The following system of symbols has been
accepted for citations to articles of this collection: 1in brackets
the number of the part is indicated in Roman numerals, and then,
in arabic numerals the sequence number of the article in the col-
lection (see the Table of Contents).

In conclusion, the authors thank Academician A. M. Obukhov,
Academician of the Estonian SSR Academy of Sciences A. Ya. Kipper,
Candidate of Physical and Mathematical Sciences K. T. Logvinov,
and also Professor G. V. Rozenberg, Doctor of Physical and Mathe-
matical Sciences Yu. K. Ross, Candidate of Physical and Mathemati-
cal Sciences A. V. Tkachenko for supporting the work and constant

good will,

Airborne work in the study of radiation heat transfer in clouds
was basically performed aboard aircraft of the Ukr NIGMI from the
base at the meteorological test area of this institute. The authors
thank the chief of the meteorological test area of the Ukr. NIGMI,
Comrade A. I. Furman, and the collective of pilots and airborne
aerologists who provided for the performance of this work.
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I. LONG-WAVE RADIATION+

INTEGRAL FUNCTION OF THE TRANSMISSION OF THERMAL RADIATION
L. M. Gradus, Kh. Yu. Niylisk, and Ye. M. Feygel'son

For calculation of fluxes of thermal radiation in the tropo- /7%
sphere an integral transmission function was constructed [1], con- —
sidering absorption by droplet water. This transmission function
requires the assignment of the distribution of the density of
droplet water or the water content of the cloud in space and in
time, together with the corresponding distributions of the gaseous
absorbing substances. By means of such a function it turns out
to be possible to describe the continuous transition from cloud-
less conditions to cloudy conditions and vice versa, thus tracing
the variation of the radiation influx in the process of the dev-
elopment and destruction of clouds. We also succeeded in con-
structing a continuous profile of the influx in the entire layer
of the troposphere, including the cloud layer. Prior assumptions
concerning the nature of the radiation of the cloud boundaries
turn out to be unnecessary.

According to definition, an integral transmission function
for directional radiation of frequency v is described by the
formula

c©

& (my, me, ) = S Tv (7—) & () & (m) g (mey) dv. (1)

(1]

Here mv and mC are the effective masses of water vapor and

carbon dioxlde gas, considering the variation of the pressure in
the air layer under consideration; m is the true mass of droplet

water in this same layer; ®V(x) is the spectral transmission func-

tion of the corresponding substance (x=mv, m or mw)

c’

Trhe content of the 1-4th and 8th articles of this part were pre-
sented in a more complete form in Ye. M. Feygel'son's monograph
"Luchistiy teploobmen i oblaka" (Radiant Heat Transfer and Clouds)
(Gidrometeoizdat, 1970).

¥
Numbers in the right margin indicate pagination of foreign text.



m  E,D

T is the average temperature.

According to formula (1) numerical integration was done
at Av = 25 em 1 in the interval (25-2800 cm~l) at T = 260
kelvins. The values of the transmission functions @Av(mv) and /8

@Av(mc) from [2] were used, and the function @Av(mw) was assumed

in the form

Dy (Mg = eXp | — aay, 1,1, (2)

where %Ay is the absorption factor of the droplet water, calculated

according to data from [3] and [4] for two characteristic distri-
butions of cloud droplets by dimension. -

The tables of the integral transmission function of gaseous
components obtalned for a case of m, = 0 are given in [5].

In [1], attention is called to the feasibility of the approx-
imation of the function ¢(mv, M, s mw), by formulas with separation

of the variables that are convenient for calculation. For this
the natural separation of the predominating part of the spectrum
(0-550 em~1) and (800-2800 cm—1) was used, in which, at cloudless
conditions, only water vapor is absorbed. The transmission func-
tion at m, = 0 was represented in the form

O (my. g, 0) = &y (my) + &, (1ny, m), (3)
where 850 e 2800
@y (m,) = 5 1o (T) @, (my)dv - S v (T) & (my) &, () dv.
v #00 ( 4 )

It was further assumed that:

o, (mg, me) = 9, (m,) (I)s (me), (5)




where #00 eny!

&, my) = Ty (T) d (IMD) dv,
' ( ) nr,l)§m' ' (6 )

wiH)

S Yv (T) iv (’"u) "I)v (mc) dv

8, (m) = | " - (7)
{ 7. 6, 0m)av
60

The line over the righthand part of the last equation signi-
fies averaging with respect to m, (0 5 m,, £ 1 cm) of the expres-

sion enclosed in the brackets, that depends only slightly upon m_.

As a result the integral transmission function of the gaseous
components was presented in the form

0] (mv! mc) = {n (mv) + da (mu) d)a(mc)v (8)

and each of the functions in the righthand part of ratio (8) was /9
approximated by exponential functions: —

3
(n)
& n () = D) af® ek M, (9)
k=1

where
My =g = mn; My == m..

Integral transmission function
of directional radiation.

1- accurate values; 2- approxi-
mation by formulas (8) and (9).




The error of the approximation may be estimated according
to the data in the drawing.
The parameters of formula (9) at m £ 1 em; m, < 300 cm are

given in the table; in the parentheses the value of the parameters
are given at m_ £ 10 cm and m, S 500 cm.

v
— e o e —— o —— — " - -
" (1) (u)cn.l -
I L R

1 0,192 0,210 0,347 474 11,2 0,300

(0,402) | ©261) | (0,204) |  (431.8) (10,5) (0,147
2 0,044 0,192 0,000 2,900 0,220
3 0,322 0,400 0,278 0,002 0,012 0,00015

The transmission function at m, # 0 was presented in the
form

Q(mv; me; m'w) ="

W[ &1(my) + &3 (my) 03 ()], (10)

where o is the average absorption factor of the droplet water, /10
determined according to the formula -

_ [ @ (myi mi 0)
o= [ In dm,om; mw)~J ’

where the averaging is performed according to m.s M, and M with-

in limits of 0-1 e¢m, 0-300 cm, and 0-0.001 cm, respectively. The
error due to the use of the averaged value of o in comparison with
the calculated value according to formula (1) does not exceed 10%.

The following values of the coefficient o are recommended
for stratoform clouds of various types:

2000 em®g™! in St and Ns clouds.

500 cmgg_1 in Sc and As clouds
o =
In conclusion, we will indicate that the use of the function

Qm., m,, m. ) is feasible in multi-level problems of cloud



formation, when the magnitude of mw(z) is calculated. At m. = o,

this function is one of the variations of the integral transmission
function of the gaseous components compared in [1] with other
functions of such a type. Possible advantages of the variation
described are the use of newer spectral data and the construction

of adequately precise approximation formulas.
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FEATURES OF LONG-WAVE RADIANT INFLUX
IN STRATOFORMOUS CLOUD COVER
(Numerical Experiment)

L. V. Petrova and Ye. M. Feygel'son

The non-monotonic behavior of influx as a function of alti- /11
tude in conditions of stratiform cloud cover makes 1t necessary
to study it as a function of geometrical conditions (level of lo-
cation, thickness and quantity of cloud layers), of physical prop-
erties of the cloud (water content and dimensions of the droplets),
and of the distribution of temperature and humidity.

To ascertain these dependences, a numerical experiment was
performed which made it possible to investigate the effect. of
each of the factors listed above separately. Such an experiment
turned out to be possible after an integral transmission function
for cloud conditions was constructed [I.1l], making it possible to
calculate the continuous vertical profile of the long-wave radi-
ant influx under the cloud, in the c¢loud, and above it, with con-
sideration of the properties of the cloud layer. The statement
of the problem and a brief summary of the results are given  below.
The results of the numerical experiment are explained in detail in
refs. [1,2].

Conditions of the experiment. The influx R(z) was calculated

in the interval 0 £ z < H at H = 10 km with a spacing Az = 50 m
on the "Minsk-2" electronlic computer according to the formula

R(@)=— 4 {E (0) & (myy My m) +
3 2§ my—myl; | My —mu b | M —m]) (1)
+{E@ = . dz"

o
Here R(z) is the influx at the given distributions of humid-
ity pv(z), water content pw(z), and temperature T(z) assigned,
with respect to altitude; m,s M, M, represent the mass of the

water vapor, droplet water, and carbon dioxide gas in the air
column (0, z); m&, m', and mé are the same 1in the column (0, z').

W
In accordance with [I.1] the function a(m > M5 M, ) was presented
in the form. a(m > M5 M, ) = e —komy 6(m > M, ), where o 1s the

W

absorption factor of the droplet water, depending upon the form
of cloud cover; k is a diffusivity parameter, by means of which
the scattering of long-wave radiation in the cloud is roughly



considered; 6(mv, mc) is the transmission function of the gaseous

components from ref. [3].

In the performance of the numerical experiment, all the par-
ameters of the atmosphere were fixed 1n sequence except one, ac-

cording to which the tabulation was conducted within limits approx- .

imately corresponding to the real variation of this parameter.

A basic model of the atmosphere was assumed in which the dis-
tributions of the temperature and humidity were assigned by the
formulas:

T(:) =T —1Z (2)
at at 1=6 ppt, T()=213° K, 0<z<H, H=10 km
T ()] at a<z<z, (3)
0, (2) = FIT (z)]en@n  at . 0<z<<zy, (3')
fIT (z2)] e==2 g 2, <3< H. (311)
Here z1 = zn ] and z2 = ZV ) are the boundaries of the

cloud; £(T) is the humidity in conditions of saturation at the

temperature T. The constants a; and a, were selected so that out-

side the interval (Zl’ z2) no saturation was achieved, and the
magnitude of the humidity was close to the observed wvalue.

The properties of the cloud in the basic model were deter-

mined by the parameters: water content (absolute humidity) Py =
= 0.2 g/m3; gradient of absolute humidity at the boundaries .

‘bw — . -3,kn1—1-
Zs, =g ’

average absorption factor of droplet water, o = 1300 cm2/g; k =
= 1.66; Zn.g. = 2 km, 2. 3 km.

In a cloudless atmosphere the temperature distribution was
described by formula (2), and the humidity by formula (3"), at

1 _1 =
a, 0.45 km and Z, 0.

/12

In the table the profiles of radiant influx in cloudy and /13

cloudless conditions, calculated for the basic model, are com-
pared. It is apparent that in the cloud layer a unique profile



R el mOemis R@.agl/m3min

n yxm | ¢loudy|cloud- 2y |cloudy | cloud-
’ atmosphliess ati atmosphl.less at.

0,05 —0.141 —0,313 2,4 —0,0%121 | —0,158

0,2 —0,0795 | —0,255 2,6 —0,04656 | —0,156

0.5 —0,0427 | *—0,218 2.8 —0,0127 | —0,155

1 | 00116 | —0,189 2,85 —0,111 —0,155

1,2 —0.07692 | —0,182 2,9, . | —0,968 —0,155

1.3 0,02%507 | —0,178 2,95 — 8,47 —0,155

1.5 0,0182 | —0,173 3—z, | —18,8 —0.155

1.8 0.0493 | —0,166 3,06 | —0,307 —0,155

i-the 4,108 —0.162 3.4 —0,288 —0,155

2,05 3,77 —0,102 A0 - 0,243 —0,155

2.1 1.72 —0,1061 4 0,282 —0,158

2,15 0,195 ~ 0,460 4.5 0,227 —0,158

2.2 00222 | —0,160 5 —0.221 —0,15%

2,25 0,0%252 | —0,450 6’ —0,200

2.3 0,0224 | —0,159

of the radiation influx is formed, with characteristic peaks of
heating and cooling near the lower and upper boundaries of the
cloud, respectively.

In the layer under the cloud, radiation influx 1s one or one-
and-one-half orders of magnitude less than at the same levels in
cloudless conditions. In the depths of the cloud the influx 1is
close to zero. In the layer over the cloud with a growth of z
the magnitude of the influx approaches that corresponding to
cloudless conditions, remaining approximately 30% greater than
the latter at # < 5 km.
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Fig. 1. Behavior of the quantities Rn and RV in a case
of a moving cloud (1) and an expanding cloud (2).



Profile of radiant influx as a function of geometrical factors.

The change in R(z) as a function of the level of the cloud layer
was considered as well as the change in its thickness as a function
of the number of cloud layers. ’

The numerical experiment demonstrated that the layers of ex-
treme heating and cooling are localized within the cloud near the
boundaries and move together with them in uplifting or expansion
of the cloud layer. The maximum cooling at the upper boundary,
RV, is always greater in absolute magnitude than maximum heating

at the lower boundary Rn. However, with an increase in the levels
of the boundaries the quantity Rn increases much faster than IRVI,
so that the difference ]Rv] - R decreases with a rise of the

cloud. In the expansion of the cloud this difference decreases
or increases depending upon the direction of expansion.

The behavior of the peaks of the extreme influx is apparent
in Fig. 1, where on one curve the values of Rn are plotted, and

on the other the values of RV as a function of the levels of the

boundaries with a rise of the cloud from 1-2 km to 5-6 km and in
expansion from a thickness of 0.5 km to 4.5 km.

With several cloud layers, their mutual arrangement turns
out to be more essential than the thickness of each of them: a
nearby thin upper cloud suppresses radiation cooling of the
. lower cloud more strongly than a distant and thick cloud.

At the external boundaries of the cloud system—the lower /14
at the lower cloud and the upper at the upper cloud—heating and —
cooling are determined by the level of these boundaries and are
indifferent to the number of layers.

Radiation influxes near the internal boundaries are consider-
able and exceed influxes at the same levels in the absence of
clouds, inside clouds, or in the layers under or between the clouds.

Effect of the physical properties of the cloud. In [I.3] it
is demonstrated that the radiation influx near the cloud boundary
essentially depends upon the gradient of the absolute humidity and
upon the absorption factor of the droplet water. Radiation in-
fluxes were calculated at different values of the parameters indi-
cated. The absolute humidity was assumed according to the formula

Pw(2) = §(z — zng)" (2 g— %), (4)
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”ﬁhich makes it possible to vary the parameters p the maximum

w,max’
absolute humidity (water content) of the cloud, and dpw/dzi (1 =
= 1.2) independently.

_ Calculations demonstrated that with a growth dpw/dzi with the

condition p = const the radiation heating (or cooling) layer

w,max
narrows; the magnitude of the maximum heating (or cooling) in-
creases and the level approaches the corresponding boundary.

The variations of the radiation influx in the vicinity of
the upper boundary of the cloud are illustrated in Fig. 2, where
the distribution of the absolute humidity in each case. is also
given.

Z,AM

n ‘é' Ty 4w 2/ O.A
Rycal/m~”/min pwg/m3

Fig. 2. Radiation cooling in the vicinity of the upper boundary
of a cloud (a) and the absolute humidity, calculated ac-

cording to formula (4) at P max=o'2 g/m5 (b).
3>

1- dp /dz =0.2 g/m®.km; 2- 0.5 g/m®:km; 3- 1 g/m®-km;
Y- 2 g/md - km; 5- 4 g/m®-km; 6- 10 g/m® -km.

The relation between influx and droplet spectrum is ex- /15

pressed in terms of the average absorbtion factor o of the T
droplet water [I.1]. To ascertain the dependence of the influx

upon this parameter, calculations were performed at different

11



values of a. It was ascertalned that with a growth of a the cool-~-
ing and heating peaks behave just as they do with a growth of
dpw/dzi‘ This effect is explained in [I.3] and [4].

The variation of the parameter o is perceptable in a layer
with a thickness of 500-700 m under the cloud and more than 100 m
over the cloud.

Temperature and humidity. The variations of the influx as a
function of the variation of the temperature profile and the hu-
midity profile as a whole were considered, and also as a function
of the distribution of these quantities. In particular, the in-
fluxes were calculated at temperature and humidity inversions.
The influx in the boundary layer of the atmosphere as a function
of the temperature difference AT = T_ - T(0) was estimated, where
TS is the temperature of the soil. S

The calculations have demonstrated that the variations of
the influx due to the variation of the average temperature and
humidity within the limits of possible climatic values are small
in comparison with the variations introduced by the cloud cover.

Real irregular temperature and humidity oscillations cause
oscillations of the influx in cloudless conditions comparable with

its average magnitude.

In ascertaining the dependence of the iInflux upon inversions
of the quantities indicated 1t was observed that the temperature
inversions have a stronger effect upon the behavior of the radia-
tion influx than humidity inversions, if both take place
ir a narrow layer similar to real atmospheric inversions

The behavior of the influx in the temperature inversion layer
qualitatively resembles that observed near the cloud boundaries,
but the intensity of peaks of heating and cooling is considerably

less.

The calculations of the influx at various values of the para-
meter AT and a standard distribution of temperature and humidity
demonstrated that in summer in the mid-day hours over dry land,
when the temperature difference between the soil and the air may
reach values of AT = 20-30° the boundary layer of the atmosphere
to a level z = 1 km is heated by long-wave radiation of the soil.
In the laver 250 m £ 2z £ 500 m this heating is comparable with
a cooliing at AT = 0, and in the layer z < 250 m appreciably
exceeds the latter. Near the earth's surface at AT = 30°,

12



exceptionally strong heating occurs, comparable with radiation
cooling at the surface of the boundary of the cloud layer.

Thin cloud cover. The radiation effect of thin cloud cover
was considered separately. The enormous absorbing capability of
droplet water makes this effect quite noticeable. In Fig. 3 the
cooling peaks of thin (p = 0.01 g/m?®) and dense (p = 0.2 g/m?)

clouds are compared at the same gradlents of the absolute humidity
at .the boundaries dp /dz = 0.2 g/m®km; for comparison, a case

of influx in cloudless conditlons and at Py = 0.2 g/m? at dpw/dzi=

= U g/m ‘km is also given. In Fig. 3 the similarity of the pro-' /316
files of the influx in the vicinity of the upper boundary of thin —
and thick clouds is shown at the same gradient of the absolute
humidity and the decisive difference of the case of a weak cloud

from conditions of a cloudless atmosphere is shown.

z,mq
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Fig. 3. Profile of the influx in the vicinity of the boundary of
a cloud layer. 1- cloudless conditions; 2- pW=const=0.Ol

g/m?, dp /dz;=0.1 g/mdkm; 3- p,=0-2 g/m?3, dp /dz;=0.2 g
per m®-km; U4- p,=0-2 g/m?3, dpw/dzi=4 g/m3 km.

According to data from calculations cloud cover with an
absolute humidity P £ 0.05 g/m?® should be considered as thin in

the radiation sense.

In the range of absolute humidity from 0.01 to 0.03 g/m?® the
influx acquires qualitative criteria that are characteristic for
clouds. In the range of 0.03-0.05 g/m® the numerical values of
the influx become close to those observed in conditions of thick
cloud cover.
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With a further increase in the absolute humidity, the influx
becomes sensitive to thils parameter and varies only as a function
of the gradient of the absolute humidity at the cloud boundaries.

14
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A CLOUD AS A HEAT SINK
Ye. M. Feygel'son

The absorption capacity of droplet water in the thermal radia- /1Y
tion range may be roughly estimated according to the formula
ln é(p ) = ap L =1 [I.1]. With the absolute humidity (water,

content) Py of stratoformous clouds being of the order of 10’7 g
per cm3 and the absorption factor o of the order of 500-2000 cm /g

the length % of the free run of the radiatlion in the cloud turns
out to be of the order of 200~50 m. The length of the free run

of radiation in a cloudless atmosphere, estimated according to the
condition -1n Gipvl) = -1, turns out to be of the order of the

thickness of the homogeneous atmosphere,.

From these estimates it follows that a real stratoformous
cloud is a radiator comparable with the thickness of the atmosphere
as a whole. In addition, this radiator has a number of
characteristics: 1t is strictly localized in space and may be
compared to a heat sink. As a matter of fact, an even finer local-
ization occurs, since only the boundary layers of the cloud are
radiationally active—a radiant drainage of heat originates at
the upper boundary of the cloud and a source of heat at the lower

boundary [I.2].

The internal part of the cloud is passive in relationship
to the transfer of thermal radiation and in this sense is in a N
regime of thermodynamic equilibrium.

Finally, a cloud layer reacts differently with the underlying
surface and with the atmopshere over it than does a cloudless layer
of equal thickness with boundaries at the same altitude. In the
first case the "atmospheric window" (8-12 microns) is lacking,
and therefore the radiation of the earth's surface is compensated
basically by the counterradiation of the cloud, and the atmosphere
over the cloud turns out to be isolated from the thermal radlatlon

of the earth.

As a consequence of these characteristics, in stratoformous
cloud cover the vertical distribution of the radiant influx -R(z)
is characterized by extreme heterogeneity. In Fig. 1 two
examples of the vertical profile of the influx are demonstrated,
calculated for an atmosphere contalnlng a cloud layer with an ab-
solute humidity egual to 0.2 g/m?®, a gradient of the absolute
humidity of 4 g/m°® at the boundaries with an average absorption
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factor of the droplet water of 1300 cm2/g. The naturally defined
regions of the characteristic behavior of the influx are cross-
hatched; the values of the integral influx to the layer are given:

? R(z)dz

.
for each region (upper numbers) and those of the same magnitude
for standard cloudless conditions (lower numbers).

R
T

A R AN 7 a/ qr
1n[~R, cal/m3'min] 12[(R, cal/m3'min -R, cal/cmg.min

Fig. 1. Vertical profile of the intlux in a stratoformous cloud.
l—ucloud in a layer of 1-2 km; 2- cloud in a layer of
3-4 km.

The behavior of integral influxes as a function of the alti-
tude of the cloud corresponds to the quantitative relationships
described in [1,2] and [I.2]. Here we direct attention only to
the following circumstances: cooling of the same order as the
entire atmosphere over the cloud corresponds to a narrow layer
within the cloud at the upper boundary; this cooling is not com-
pensated by adequately great heating at the lower boundary.

17
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In a case of a cloudy atmosphere, the weight of the individual
layers in the general radilation influx in not proportional to the
thickness of the layers. We may ignore the influx to the entire .
layer under the cloud and to the greater part of the cloud layer,:
but we cannot ignore the cooling of the narrow upper part of the '
cloud. The latter, together with the cooling of the atmosphere
- above the cloud, constitutes almost all the radiation cooling of
the atmosphere as a whole.

In refs. [1,2] and [I.2] are presented the results of an in-
vestigation of the properties of a cloud as a heat sink by methods
of numerical experiment and asymptotic analysis. The radiation
regime of the cloud as a whole and that of its boundary parts are
considered separately, and also the layers under the cloud .and
over the cloud.

Cooling and heating near the cloud boundaries. In [2] the
following approximate expressions of the extreme influxes were
obtained, i.e., maximum cooling Rv under the upper boundary of the

cloud, and maximum heating Rn over the lower boundary:

T

(1)

(m,, M, o),

ry= ) a ' [E(O)-—l (engl S(ma, o). (2)
Here my s m2 v? and mz represent the constant of water wvapor in
3 3
the layers (0, z_ . ), (0, z, o ), and (0, H); H is the upper

boundary of the atmosphere.

Levels of maximum heating and cooling z(i) are found at dis-
tances lz(l) - zil from the cloud boundaries, and
2, — 20| =~ 1 . (3)
Vol
Here and below *| "z
z, At =1,
“”={gJat i=2.
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In expressions (1)-(3) the dependences of the influx upon
the properties of the cloud and upon the atmosphere outside the
cloud are differentiated, which is convenient for calculations,
investigations, and solutions of the reverse problems. In this
case, the quantitites o and dpw/dzi which are difficult to deter-

mine enter into (1)-(3) in the form of one parameter, expressing /1
the effective absorption capability of the cloud.

The ratios obtained make it possible to establish the follow-
ing features of the behavior of extreme influxes, depending basi-
cally upon the absorption capability of the droplet water, the
gradient of the absolute humidity at the boundaries, the tempera-
ture at the upper boundary, and the temperature difference between

the levels z = 0 and z = Z g.° and also upon the content of the
water vapor in the atmosphere above and below the cloud.

With an increase in the effective absorption capability of
the boundary parts of the cloud, the layers of the extreme influx
narrow, are extended, and are pressed close to the cloud boundaries.

If in the vicinity of both boundaries of the low cloud the
absorption capability is the same, then cooling at the upper bound-
ary exceeds heating at the lower boundary by an order of magnitude.

In the uplifting of the cloud, cooling and heating may 1increase
or decrease as a consequence of the opposite variations of the
temperature and the transmission function. It is natural to ex- /20
pect, nevertheless, that both processes will be intensified as a
consequence of the rapid growth of the quantity’me$ - m2 V) at

small masses of the water vapor in the layer above the cloud and
a slow decrease of &ml V) at large masses in the layer under the
>

cloud. For these reasons, in uplifting of the cloud cooling will
be preserved at a higher rate than heating.

The error of formulas (1)-(2) does not exceed 25% when

! .
(uZSQ%%?séég/m'km and 450 << u<I3000 4% 512].

Formula (3) makes it possible to calculate the half-width of the
layer of the extreme influx with an accuracy to 50 m.

Relations (1)-(3) make it possible to estimate, in approximation
the integral influxes M and M in the boundary layers of the

cloud:
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Fig. 2. Influxes to the layers under the cloud (R(l)), in the

cloud (R(O)), and over the cloud (R(2)), and also to
the entire layer of the atmosphere (R¥) as a function
of the level of the arrangement of the cloud layer;
Rg is the influx to the entire column of a cloudless

atmosphere.
11.[# =~ (ZV.'g— ) Ry= — E (2;) (S(m.:, — My, o), ()
Mn = (3 — g Rp=1E (0) — E (3, 91 8(my, ). (5)

The quantities MV and Mn do not depend upon the properties of the

cloud, which is easily explained. Both peaks of the extreme in-
flux originate as a consequence of the rapid change in the fluxes
of the radiation entering the cloud, caused by the great absorp-
tion capability of the droplet water [I.8]. The rate of variation
of these fluxes (R_ and Rn) and the width of the layer in which

they are formed (Izi - z(1)]) are determined by the properties of
the boundary layers of the cloud—the parameters de/dz:.L and a.

However, at any values of these parameters, the entering fluxes
vary from the magnitude determined by conditions outside the cloud
(the flux arriving at the cloud), up to black-body radiation (the
flux inside the cloud). The influxes to the boundary layers, i.e.,
the quantities MV or Mn are determined by these limiting values,

not dependent upon the properties of the cloud.
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Influx to thick layers. The separation of the atmosphere
into layers in accordance with the features of the profile of the
influx may turn out to be inconvenient or too detailed for prob-
lems of large-scale dynamics. Since over the cloud the influx
varies only weakly, and under the c¢loud it is small, and the cloud
frequently is compressed to a surface in calculations, a division
into layers under the cloud, in the cloud, and over the cloud ap-
pears natural. '

In Fig. 2 the infliuxes to the entire column of the layers
under the cloud, in the cloud, and over the cloud are presented
as a function of the level of the cloud layer with a thickness of
1 km, and also their sum

R =R"Y 4+ R 4 R®,

For a comparison, the influx Rg to the entire thickness of

the atmosphere in conditions of a clear sky is given, at the same
distribution of the temperature and humidity. ‘

It is apparent that as the cloud rises influxes to the layers /21
in the cloud and above the cloud, and also to the entire column
of the atmosphere, decrease with respect to absolute magnitude.

The influx to the layer under the cloud is negligible for
clouds of the lower and medium levels. In clouds of the lower and
medium levels a cloudy atmosphere as a whole 1is essentially colder
than a cloudless atmosphere.

The influx to a cloud layer is close, with respect to magni-
tude, to the influx to the layer over a cloud at any thickness of

the latter. The sum (R(O) + R(z)) basically determines the cool-
ing of the atmosphere as a whole.

Thus, approximately half of the total radiation cooling of
the atmosphere falls to the cloud layer which is a high-capacity heat
sink. This sink is formed due to the layer of extreme cooling
at the upper boundary of the cloud and is noticeably corrected (0)
due to the heating layer at the lower boundary. The quantity R
may be calculated, in approximation, according to the formula

RO~ _—E () 8(my — Ma, ) 4 £ (0) — E (25,0 8 (14, 5)- (6)

The expression of the influx to the entire column of the atmosphere
over the cloud obtained in this approximation has the form

21



R® _ —F (]]) 1 — (S(/N:; — 1y, v)l’ (7)
and for the layer under the cloud we obtain

r(1) = o, (8)

The error of formula (6) in a case of dense clouds with a gradient
of the absolute humidity at the boundaries of the order of 1-10 g
per m?®/km does not exceed 15%, and that of formula (7), 50% [3]F

Multi-layer cloud cover. In conditions of multi-layer cloud
cover the upper cloud essentially suppresses the radiation effect
of the cloud layers located below; nevertheless, this effect re-
mains considerable [I.2]. The mutual radiation effect of the
cloud layers is basically determined by the distance between them
and not by their physical properties. In [3] influxes to layers
defined in a case of one-layer, two-layer, and three-layer cloud
cover are compared. The necessity of considering the number and
arrangement of the layers in the determination of general cooling
and its distribution inside the atmosphere is observed. Each
cloud layer—even an internal layer—is considerably greater
than the space between the clouds. Cooling of the external
cloud layer is especially great.

If we calculate the fraction of cooling falling to the share
of the cloud layer, inter-cloud layer, and the layer above the
cloud, it is ascertained that the role of cooling concentrated in
the clouds rapidly increases with an increase in the number of
layers and, accordingly, the contribution of the other layers de- /pp
creases. Such data are given in the table for a case of clouds —
located in layers (1-2 km), (5-6 km), and (7-8 km).

__Fraction of conling, %
Form of cloud cover

Nature of layers A~layer| Z-layer | .. -_lagfer
(1—2%m) | (1=okm), (5—6m ) (5_‘61!;2)15'21_& m)
Layer under and ! .
between clouds 42 £ i
In the clouds o7 95 16

Above the cloud

*If we assume in (7) that H = 5 km (the upper boundary of the atmo-
sphere for water vapor) the error of this formula sharply decreases.
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Approximate expressions of the integral influxes in a case of
a k-layer cloud cover take the form

RP=0, k=0,1,..,.n—1,

where Rél) is the influx to the k-th inter-cloud layer, k = 0 is
the layer under the cloud:

) __ Lk~ 3
A = 1B (™) — E (&8 gtm{) — m) —
Lk : )
—EGED) —E SN smD — )

ne — M3 ).

(9)
(k)

the k-th cloud layer; mikg s méki are the corresponding masses of
3 b
(2)

the water vapor; E(z?+l)) =0

Here =z and z

ék) represent the lower and upper boundaries of

. Expression R remains as before.

A cloud as a black radiator. In the calculation of the radi-

ation effect of clouds it 1is usually assumed that they transmit
fluxes of black-body radiation¥ GT'*(zn g ) to the space outside

V.g.
the cloud. Such an assumption deprives us of the opportunity of
considering optically thin clouds and tracing the conversions of
radiant fluxes inside the cloud.

In [1-3], [I.2], and in this article the results of an inves-
tigation free from prior assumptions concerning the nature of the
radiation of cloud boundaries are considered. Therefore, it turned
out to be possible to determine the radiation effect of weak cloud
cover [I.2] and [2] to investigate powerful boundary effects, and
also to estimate the error of the "black" approximation [2,3].

The latter turned out to be of the order of 50% at a small magni-

tude of |z - zn.g.l’ where z >z, . Or z < Z,.g.c With a growth
v.g.
of |z - 2. g | the error of the "black" approximation rapidly de-
V'g.
creases. It 1s estimated in [3] as a measure of the dependence of

the quantitiles R(l>, R(o), R(2), and R¥ upon the parameters of the

cloud cover a, dpw/dzi at Py .max" It is understood that the weak
3

*Calculation of fluxes with thils assumption 1s further called the
"black" approximation.
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dependence upon these parameters signifies a good accuracy of the
"black" approximation. It was ascertained that in a variation of /23
dpw/dzi within limits of (0.2-4) g/m?® km, corresponding to real

limits of variations of the gradient of the absolute humidity,
the influxes R(2) and R¥ vary by 5%; the influx R(O) by 20%; and

finally the influx R(l) varies by several orders of magnitude.
The variation of the parameter a within limits of (500-3000 cm?/g)
[I.1] is felt even less in the integral influxes.

These estimates refer to values of P 2 0.03 g/m3 at z, g.

-z 2 0.5 km, which makes 1t possible to consider clouds with

n.g.
a water reserve m, Z 0,0015 g/cm to be optically dense, permitting

the use of the "black" approximation with the accuracy indicated.

The "black" approximation may thus be considered to be prac-
tically accurate in the calculation of an influx to the entire
column of the atmosphere or to its part over the cloud. The in-
flux to the cloud column 1s also determined with an accuracy sat-
isfying the requirements of the majority of practical problems.
Finally, the influx to the layer under the cloud as a whole can
not be calculated in the "black" approximation, which is not so
very essential in the majority of cases, since this influx is
small.
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SOME APPROXIMATE METHODS OF CALCULATING
RADIANT HEAT TRANSFER IN A CLOUDLESS ATMOSPHERE

A. S. Ginzburg and Ye. M. Feygel'son

- In this work simplified methods of calculating one-sided and
effective fluxes of radiation are discussed, and also methods of
calcutating influxes of heat, intended for problems of dynamic
meteorology not requiring a high degree of accuracy. :

One-sided ascending F4 and descending F¥ heat fluxes in the
spectral range AA have the form

Fian(2) = Er (0) Dar (0, 2) rSFm( ) Ll g, (1)
0 v dD,, (z, z')
Fysn(@) = Ear(H) Do (v, H) + | Esi(3) —257—az, (2)

z

where EAA(O) is the radiation of the underlying surface; EAA(H) is /24
the downflow at the upper boundary H of the atmosphere; D(Zl’ z2)
is the transmission function of the layer (zl, 22). The effective

flux is calculated as the difference of one-sided fluxes F = F4 -
- F¥, and the influx of heat as the derivative with respect to
altitude of the effective flux R = dF/dz. The calculation of
fluxes in narrow spectral intervals of the order of 25 cm—l and
then summation throughout the spectrum is the most accurate method
- of calculating the field of the natural radiation of the atmosphere.
However, such "spectral" calculations are too complex and can sup-
ply only reference data. The use of the integral transmission
function (application of radiation nomograms)—the so-called
"integral" calculations, serves as a natural and generally known
method of simplifying the calculations. Expressions for fluxes
and the influx in this case have the same form as for the corre-
sponding spectral quantities if we assume that AX = (0, «) in

(1) and (2).

We will write an expression for the influx of heat:

R() = — = [E(O)D(O. 2) — E (H) D (z, H) +-

§wa)dn@'“)d ]
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In the materials of the Global Atmospheric Processes Research
Program (GARP) [1] it is indicated that up to this time the neces-
sary accuracy of the calculation of radiant heat transfer in prob-
lems of dynamics has not been determined. Therefore the assump-
tion is expressed that it is advisable to construct a number of
approximate methods with their successive complications.  In [1]
these methods are given in the following order: 1) the use oft
climatic data; 2) the consideration of only the radiation depart-
ing beyond the limits of the atmosphere, i.e., cooling into space;
3) the consideration of cooling to space with an empirical con-
sideration of local heat transfer; 4) "integral® calculations,

5) spectral methods.

In ref. [2] the second and third of the methods listed are
considered and an approximate method is proposed, considering
cooling into space and heat transfer with the underlying surface.
Heat fluxes in this case are equal to

Fi () =E©)D©,z) - E (z) (1 — D (0, 2], (4)
Fy\(5)=EH)D s, H) + E(2) [1 — D (z, H)). (5)

Expressions (4) and (5) also may be obtained under the as-
sumption of a d-shaped nature of the first derivative of the in-
tegral transmission function from expressions (1) and (2). The heat
influx in this approximation has the form

Ry (5) = — L (E©) —E @)D O, 2).— (EH) ~E @)D H)). (6)

In the assumption of a 8d-shaped nature of the second deriva- /25
tive of the transmission function, in [2] the following expression™
for the radiation heat influx is derived directly from relation (3):

R = — [(E©O) — E @) 2L — @ un — £ @) FE ] (7)

The approximate methods proposed in [2] are not sensitive to
the value and local variations of the humidity and temperature far
from the level under consideration. This circumstance is not an
obstacle for the use of these approximations, since for problems
of dynamics only large-scale features of the distributions of
temperature and humidity are essential. The accuracy of calcula-
tions according to formulas (4)-(7) are estimated in [I.5]. Here
we only note that the approximate methods considered may be ex-
tended to a case of cloud conditions. The approximation R2 makes
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it possible to describe the continuous profile of the influx in-
side the cloud layer and outside it. For this, in the integral
transmission function D it is necessary to consider the absorp-
tion of droplet water. In the approximation R1 it is convenient

to describe the heat influx to the layers under the cloud, in the
cloud and above the cloud. In this case we should consider that
the cloud radiates as a black body and serves as the underlying
surface for the layer above the cloud and as the upper boundary
of the atmosphere for the layer under the cloud.
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COMPARISON OF VARIOUS METHODS OF
CALCULATING THE FIELD OF LONG-WAVE RADIATION

A. S. Ginzburg and Kh. Yu. Niylisk

In many problems of the dynamics of the atmosphere, a neces-
sity arises for the calculation of radiant fluxes and influxes of
heat, and the requirements for accuracy vary. In this work, re-
sults of successively more simplified calculations of fluxes and
radiant flux of heat are compared, considered, for example in [1]
and [I.4]. The results of calculations by different methods are
given for three models of the atmosphere, differing in vertical
profiles of temperature and humidity at altitudes 0 £ z £ 10 km /26

Model A (the ARDC-59 standard atmosphere):'

6.5 degrees/km;

288.2°K; v
1.38 g/cm?.

58%; m$

T(0)
U(o)

B n

Model B (moist summer in mid latitudes):

6.5 degrees/km;

T(0)
3.25 g/cm?

U(o)

293.2° K3 Y
100%; mg

Model C (dry winter in mid latitudes):

T(0) = 258.2° K; v = 4 degrees/km;
U(0) = 20%; mg = 0.06 g/cm?

More complete data concerning these models of the atmosphere may
be found in [2].

All the calculations, aside from the case stipulated below,
are performed according to the following scheme. The effective
absorbing mass of the water wvapor in the column of air (zl, z2)

is calculated according to the formula

2y
My (21, 29) =\ Py (2) 'j{,ﬂ dz
U}

z

or, which is the same thing, according to the formula,

+Here Y 1s the temperature gradient in the troposphere, m¥* is the
effective mass of water vapor in the entire column of the atmosphere.
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Py
1 -

my (21, 22) = oy \ q (P) PdP
Py

(here q is the specific humidity). In an analogous formula for
the effective mass m, (Zl’ z2) of carbon dioxide gas the volumet-
ric concentration of CO2 is assumed to be constant and equal to
0.03%. According to the masses of the absorbing substances the
spectral or integral transmission function is determined, and
then at the gilven temperature distribution the ascending flux
F+(2) and descending flux F¥(z) is calculated, in calories per cm
per minute at z = 0, 1, 2, 4, 6, and 10 km. If we know the one-
sided fluxes, we may determine the effective radiation flux F(z) =
= F4(z) - F¥(z) and the heat influx to the layer (z,, Z,) equal to
F(zl) - F(z2). The average heat influx to the elem%nta y volume

in the layer (Zl’ 22) is equal to

2

R = F(21) — F (=) .10-8 “a! — 10F(Z{) — F (z3) cal )

Z3 — 21 em®-min =2 m®.min ( 1 )

In the comparison of various methods, results of spectral
calculations performed at the IFA AN ESSR [2,3] serve as the ref-
erence data. The errors of all other calculations are given rel-
ative to these quantities. The calculations of the spectral in-
tensities of the descending and ascending thermal radiation are
performed by means of transmission functions for narrow spectral
ranges with a width of the order of 25 em~1l within limits of 225-
2000 cm—1 (5-44 microns). Then the quantities obtained are inte-
grated with respect to directions and summed over the
spectrum. At the real temperature of the atmosphere outside the
interval of 225-2000 cm~1 about 6% of the radiation of a "black"
body is located, and therefore to obtaln integral fluxes a cor-
rection factor 1.06 is used. Table 1, where the fraction of
radiation of a "black" body AE, located outside the interval of
225-2000 em~1 at various temperatures is indicated, shows how
accurate this factor is. The values of the fluxes and influxes
obtained in such a manner are designated below by the subscript
"Sp" .

~
N
ﬂ

TABLE 1
T, °K ‘ 220 240 260 ’ 280 l 300
AE, % ‘ 9 8 | 6 ‘ 6 l 5
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Then the calculation of one-sided heat fluxes is considered,
performed directly by means of the integral transmission functlon
from [4] for the interval 2975-25 em~1l, and also the effective
radiation and the heat influx determined by these fluxes. The
quantities obtained are designated by the subscript "int". We
should note that the initial data for the construction of the
transmission function in [4] coincide with the initial data for
spectral calculations in [2,3] in the region of 833-225 cm~<:.and
differ somewhat in the region 2000-833 ecm~l., The effect of these
divergences on the magnitude of the transmission function is shown
in Table 2, where the tiansmission functions of water vapor in
the region 2000-225 cm are compared.

TABLE 2
My ) 0,001 l 0,01 o1 i 1,0 10
D 0905 | 0.772 | 0.599 | 0.394 | 0.125
p 5P 0913 | 0784 | 0.614 | 0.403 | 0.136
N int

D is constructed according to data used in [2,3], D. corre-

sSp int
sponds to ref. [4]. Tentative estimates demonstrate that the
divergences in the transmission functions indicated lead to dif-
ferences in the magnitudes of the fluxes of ascending and descend-
ing radiation of the order of 0.5-1%. In "spectral" calculations /28
the radiation and absorption of heat by the atmospheric ozone is
taken into consideration, which is not considered in the construc-
tion of the integral transmission function in [5].

The effect of absorption by ozone on the magnitude of the
transmission function 1s estimated in Table 3, where the integral
transmission function is given at various contents of ozone in the
atmosphere (in cm). The content of CO2 everywhere 1s 120 cm.

TABLE 3
Ozone . ™
_content | oo [ o1 [ s | te | =0 | 5o |
0 0471 | 0.424 | 0.306 | 0.246 [ 0.77 | 0.092
0.1 0442 | 0.399 [ 0.284 ( 0.224 | 0.153 | 0.082
0.4 0.422 | 0.379 | 0.267 | 0.208 | 0.147 | 0.074
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The error of the calculation of the fluxes of descending
thermal radiation without consideration of ozone does not exceed
3-4% in the troposphere, on the average. The error in the values
of the ascending fluxes is negligible. The comments made demon-
strate that the "spectral" and "integral" calculations were per- '
formed in several different conditions and a comparison of them
is not entirely correct. However, the estimates given testify to
the small effect of inaccuracy of the initial data on the results
of the calculations. In the future this will make it possible to
compare the results of the simplified "integral" calculations
directly with the "spectral" magnitudes.

In [I.1] an approximation of the integral transmission func-
tion was constructed for the interval 25-2800 em~l. The initial
data there are the same as in [4]. One-sided fluxes according to
approximate formulas (4) and (5) from [I.4] are calculated by
means of this approximation. The corresponding values of the
fluxes and influxes are designated by the subscript "1". We note
that the error of approximation does not exceed U4-6%, and the
error of the fluxes F+ + caused by this does not exceed 1-2%.

>

In Table 4 the values of fluxes of descending and ascending
radiation are given (in cal/cm2/min), calculated by the three
methods described above for three models of the atmosphere.

The table demonstrates the surprisingly good agreement be-

tween the quantities b+,+int and F+,+sp' Apparently, such a coin-

cidence 1s explained by the compensation of the error associated

with the use of the approximate method of calculating the fluxes

and the error of the integral transmission function (see Tables 1

and 3). The flux of descending radiation calculated in the ap-
proximation "1" turns out to be systematically greater, and the
ascending radiation systematically less than the corresponding

fluxes in more accurate calculations. This quantitative relation- /2
ship follows also from a comparison of formulas (1) with (4) and -
(2) with (5) in [I.4]. The errors of calculation of F+1 and

especially of F increase with a growth of the optical density

+1
of the atmosphere, and in this case the relative error of F+1 is

approximately constant with respect to altitude and on the average
is equal to 5%.. The error of calculation of F+l in the lower

layers is close to zero, and in the upper layers of the troposphere
reaches 20-30; on the average this error is equal to 5-6%.

In the calculation of the flux of effective radiation the
relative error naturally increases and amounts to 5% on the average
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TABLE 4

Z,kIl’l I"Sp F‘int I"‘“ 11§p— Ftint -VQVFE,_' |
Model A
0 0.407 0.409 0.423 0.558 0.560 0.561
1 0.346 0.347 0.365 0.536 0.529 0.529
2 0.201 0.291 0.308 0.507 0.498 0.493
4 0.207 0,204 0.215 0.462 0,443 0.429
6 0.138 0,135 0.134 0.424 0,402 0.376
10 0.044 0.040 0.043 0.379 ! 0.354 0.292
Model B
0 0.484 0,483 0.011 0,048 0 ,6t8) 0.600
1 0.405 0.412 0.438 U,568 U.509 0.568
2 0.341 0.344 0.364 0,537 0.528 0.521
A 0.247 0.246 0.261 0.485 0.463 0445
6 0,172 0.168 0.177 0,440 0.415 0,379
10 0.072 0.068 0.074 0.384 0.356 0.277
Model - ¢
0 0.194 0.191 0,192 0.356 0.361 0.361
1 0.170 0.166 0,165 0.349 0.352 0.352
2 0.147 0.143 0,142 0.340 0,342 0.341
4 0.108 0.105 0,107 0.325 0.324 0,320
6 0.076 0.073 0.079 0.312 0.309 0.300
10 0.038 0.031 0,027 0.294 0,292 0.267
|
for Fint’ and for Fl’ 15% with relationship to Fsp and 12% with

relationship to F. In the calculation of the influx the error

int”’
increases more and more and amounts to 14% on the average for R,

int?
and for Rl about 25-30%. (All the magnitudes of the radiation

influx were calculated according to formula (1)). Rint and Rl de-~
crease the absolute magnitude of the influx, and IRl[ in the upper
layers of Models A and B is several orders of magnitude less than

IRspl and [Rint[, which is a consequence of the large error of

F+l at the corresponding levels (see Table 5 where the fluxes of
effective radiation are_given in cal/cm2 min and the average in-
fluxes of heat in cal/m-° min.

In the previous article the approximate method of calculating

R2, the influx of heat to the elementary volume at a given level,

was considered (see expression (7) in [I.4]). For a comparison
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of this method with the one described above, the influx R2 is cal-

culated at altitudes of 0.5, 1.5, 3, 5, and 8 km, 1.e., in the
centers of the layers under consideration. In the calculation of

R2 the derivative transmission function with respect to altitude

participates, which is calculated in the given case according to
the formula

dD an an
—_— ), + Y, T
' "‘Om,v “am, ’

ds

and in this case the transmission function is selected from [I.1].

TABLE 5
Layer
Tk sp | fint F xm | Fsp l ﬁnt’ R
Model A
0 0,150 0,152 0,138 0—1 0,040 0,030 0,026
1 0,190 0,182 0,164 12 0,027 0,025 0,21
2 0,217 0,207 0,185 2—4 0,19 0.15 0.14
4 0,255 0,238 0.214 4—6 0.16 0,14 0,12
6 0,286 0,207 0,237 6—10 0,12 0,12 0,03
10 0,334 0,314 0,249
Model B
0 0,114 0,118 0,089 0—1 0,49 0,39 0,41
1 0,163 0,157 0,130 1—2 0,33 0,28 0,27
2 0,196 0,184 0,157 2—4 0,21 0,17 0,14
4 0,236 0,217 0,184 4—6 0,15 0.4 0,09
6 0,268 0,246 0,202 6—10 0,14 0,11 0,00
10 0,312 0,288 0,203
Model C
0 0,161 0,170 0,169 0—1 0,18 0,16 0,18
1 0,179 0,186 0,187 1-2 0,15 0,13 0,12
2 0,194 0,199 0.199 24 011 0,10 0,07
4 0,217 0,219 0,213 4—86 0,09 0,09 0,06
6 0,235 0,237 0,221 6—10 0,05 0,06 0,04
10 0,256 0,261 0,240

In Table 6 the magnitudes of R2 in cal/m3 min are compared with

the spectral calculations. At an average error of 25-30% at in-
dividual altitudes the modulus of R2 is much greater than RSp and

Rint‘ This is apparently explained in the following manner. The
densities oy and Pu of the absorbing gases rapidly decrease with
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altitude, while the transmission function of the layer lying above

the given level, D(m$ -m ,ma - mu) rapidly increases.

in certain models

has a local extremum, considerably exceeding the average value of

v

L] L
an(m,~—m, m, — m,_‘)_

dz

this function. After dD/dz, R2 also has an extremum.

As a result

TABLE 6

Rsp R, Rsp Ity Rsp Rs

Layer e e
Model A Model. B Model C

0—1 0,40 0,36 0,49 0,34 0,18 0,16
wq—2 0,27 0,23 0,33 0,26 0415 0,12
24 0,19 0,18 0,24 0,25 0,11 0,08
40 0,10 0,23 0,15 0,18 0,09 0,06
6—10 0,12 0,08 0,14 0,16 0,05 0,14

For the investigation of the energy balance of the atmosphere, 1t

is useful to know the general cooling of the troposphere.
7 the total influx to the 0-10 km layer in ca

with that calculated by different methods.
apparent that the error of the approximations Rint

to about 10%, and R, is of the order of 30%.
characteristic indicated above, the approximation of R2 in the cal-

culation of the cooling of the troposphere turns out to be more
accurate than Rl'

1

TABLE 7
Method
Mo_del "Sp" ' nsng" l R <
A —0.184 —0.162 —0.111 —0.173
B —0.198 —0.170 —0.114 —0.210
C —0.095 —0.090 —0.079 —0.109

36

Thus in spite of the

In Table
1/cm@/min is compared
From this table 1t is
and R, amounts



. In conclusion we note that all the comparisons are given only
for "smooth" models of the atmosphere where there are no inver-
sions of temperature and humidity. In real conditions the error
of the approximate methods "1" and "2" may be larger. In problems
of the general circulation of the atmosphere and other large-scale
problems where simple methods of considering the radiant heat
transfer are required, the local features of the profiles of temp-
erature and humidity are not considered. We may hope that in such
problems the application of approximate methods considered above
will turn out to be entirely justified.
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ESTIMATE OF THE ERROR IN CALCULATION
OF FLUXES AND INFLUXES OF THERMAL RADIATION
DUE TO ERRORS OF INITIAL METEOROLOGICAL PARAMETERS

Kh. Yu. Niylisk

For calculation of the fluxes of atmospheric thermal radia-
tion it is necessary to have data concerning the distributions of
temperature, pressure, and the components absorbing the thermal
radiation in the atmosphere with the speciflic synoptic sltuations
under consideration [1]. Errors of the calculations of thermal
radiation caused by errors of initial experimental data are esti-
mated below.

At the present time sounding the atmosphere in the aerologi-
cal network of the Soviet Union is performed basically by radio-
sondes. According to reports obtained from the Central Aerologi-
cal Observatory and according to refs. [2,3], the errors of meas-
urement of the temperature and pressure are located, respectively
within limits of (0.4-1.1)° and (3-8)+102 newtons/m? (in the range
of altitudes of 0-20 km). The errors of determination of the rel-
ative humidity to an altitude of 10 km amount to L4-10%, and they
noticeably increase with altitude, and above 10-12 km data con-
cerning the moisture content of the atmosphere are either lacking
or are very unreliable.

In this work, in calculations of thermal radiation the er-
rors in the values of the temperature and the relative humidity
were assumed to be close to the magnitudes given above. Fluxes
of descending and ascending radiation (F+ and F+) were calculated
as well as radiation heat influxes (R) for Ehree spectral inter-
vals (1600-1550, 1300-1250, and 940-900 cm~™+), and also for the /33
integral radiation (2975-25 cm~l) for eight models of the atmo-
sphere 1n the interval of altitudes from 0 to 40 km. The standard
model of the atmosphere served as the basic model [4]. The sevén
other models were obtained by variation of the deviations of the
temperature (AT) and relative humidity (AU) from the corresponding
characteristics of the basic model. In this case the maximum
absolute error of the temperature was equal to 2°, and that of
the relative humidity 10%.

In the calculations the spectral intervals were selected
which make it possible to ascertain the characteristilic features
of the errors of radiation fluxes (AFY and AF4) in various absorp-
tion conditions. We will note that the section of the spectrum
in (1600-1550) cm—1 is located in the center of the absorption
band of water vapor, the section (1300-1250) cm~l on the side of
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TABLE 1
i=0 i=2 i=3 i=h i=6 i=2 i=3 i=k i=6
AT, =0 ATy =0 ATy =1 AT, =2 ATy=1 AT, =0 ATy =1 AT =2 AT=1
Uo . _Us
2 ¥m| AU=0 AU, =5 AUy=0 AU=10 AUs=T5 | AUy =5 AU,=0 AU, =10 Ale=g7
Fol ot | AF | =F;| — Fo} (106wiem ~*-ym " g . it = Fl
weem-Zm-l) | { b ol 106wiem ~*-pum ) AF , = -t o %
Av = 1600 — 1550 g !
0 1371 0 38 77 38 0 3 6 3
10 38 85 4 136 6 223 10 357 16
40 22 280 2 382 3 1272 9 1736 14
Av = 1300 — 1250xm™
0 1662 26 60 171 90 2 4 10 b}
10 12 26 1 47 2 217 8 391 17
40 4 55 0,2 89 0,6 1375 5 2225 15
Av = 940 — 900 k!
0 598 42 46 187 97 7 8 AN 16
10 0.09 0.4 0,01 0.9 0.02 444 11 1000 22
40 0.002 0.3 0.0001 0.7 0.0004 15000 5 35000 20
: Fol (107 *watt AFt =F;1 — Fyt (10~%weem2ym1) - TFT = F;t — Foi o
' weem™2:um"2) i . Fo
Av = 1600—1550Rm!
0 1396 0 39 78 39 0 3 6 3
10 251 —4 5 2 0 —2 2 0.8 0
40 244 42 4 73 0 17 2 30 0
Av = 1300 — 1250y~
0 2172 0 49 98 | 49 0 2 5 2
10 1345 —20 13 —13 —10 —1 1 —1 —0.7
40 1333 —143 13 —4 —10 —1 1 —0.3 —0 8
Av = 940 - 900 kni !
0 2520 0 4 82 4 0 2 3 2
10 2395 —10 30 40 20 —0.% 1 2 08
40 2390 _—10 30 38 18 —0.4 1 2 0.8
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TABRTE 2

i=0 i=2 i=3 i=4 i=%6 i=2 i=3 i=4 i=86
AT, =0 AT,=0 AT =1 AT, =2 AT, =1 AT =0 AT, =1 AT, = AT, =1
at,=0 | Bt =53 AU =0 a,=10 | av,=2| av,=5 | av,=0 av,=10 | av=2
km 10 10
; i e, — F ) =1
(10— ¥ty AFy =T; L~ Fa} (1074w “ea?) AFl=—"tp—— il b
0 285 2.5 6 13 88 0.9 241 6.1 3.2
10 28 12 1.2 21 1.8 42 4.3 73 64
40 14 27 0.0 40 04 2445 0.0 3654 9.1
, o ) —  F;1 —Fut
10 W Ny APt =TF;1 —Fot (0= w .cu) 3T =L [».To (%)
391 0,0 1 1.0 5.0 0.0 1.4 2.8 1.4
10 247 —1.4 2.3 1.8 0.7 —0.6 0.9 0.7 0.3
40 243 2.9 2.3 9.2 0.6 1.2 0.9 3.8 0.3
. e —_ R. =R,
(10-* wB“r'.u“") AR =Hy- R, (107w -cu?) AR e b0 T )
1 -136 —0.6 —1.9 --6.2 —2.1 0.4 14 4.8 15
10 —36 43 —1.8 34.0 —2.9 —120.0 5.0 —149.0 8.1
40 —3.7 ~0.8 —0,2 —14.0 -0.3 265.0 5.4 368.0 8.1
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this band, and the interval (940-900) cm—l is one of the most
"transparent" sections of the infrared region of the spectrum.

The results of these calculations are explained in detail
in ref. [5]. Here we will give only the most characteristic data
and the general conclusions.

In Table 1 the magnitudes and variability of the errors of
fluxes of thermal radiation are presented for the spectral inter-
vals considered, with averaging within the limits of each interval.
In Table 2 are given analogous data for integral radiation, includ-
ing, in addition, also errors of radiation influxes of heat. Here
the following symbols are used: AT is the absolute error of the
temperature (in °C); AU is the absolute error of the relative
humidity (in percentages); z is the altitude of the level for which
the radiation 1s being considered (in km); Av is the spectral in-
terval (in cm~1l); and i is the number of the model according to

ref. [5].

It is apparent that the errors of the initial meteorological
data may, in a number of cases, be the cause of quite serious er-
rors in the calculations of the radiation fluxes. The maximum
absolute errors of the spectral fluxes of counter-radiation (AFY),
originating as a consequence of errors of temperature, are observed
in the central intervals of the absorption bands; they are especi-
ally great, apparently, in absorption bands located close to the
maximum of the energy distribution curve of an absolutely black
body (for example, absorption bands of carbon dioxide gas around

15 microns). The corresponding relative errors are little depend-
ent upon the magnitudes of absorption (see AFY at 1 = 3 in Table
1). The maximum absolute errors of counter-radiation originating

as a consequence of errors of humidity are observed at average
magnitudes of the absorption function. We will remember that the
absorption function has average values of about 0.3-0.7 in the
central regions of the absorption bands at small magnitudes of

the absorbing mass, at the edges of the absorption bands at large
and average magnitudes of the absorbing mass, in the "atmospheric
windows" at large magnitudes of the absorbing mass. Consequently,
the altitude of the level where the maximum absoclute errors of
radiation are observed depends upon the vertical distribution of /36
the absorbing substances in the atmosphere and upon the absorption
function in the spectrum interval under consideration. The cor-
responding relative errors increase with an increase in the "trans-
parency" of the spectral section (see AFY at 1 = 2 in Table 1).

In considering the errors of the spectral fluxes of ascending

thermal radiation, we see that AF+* varies with altitude consider-
ably less than AFY. Errors of humidity (even of the order of 10%)
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in the lower troposphere have practically no effect on the magni-
tudes of F+. With altitude, the effect of AU on AF+ increases
somewhat. A comparison of the characteristic features of the
variation of AF+ with altitude in various spectral intervals in-
dicates that errors of temperature in the "atmospheric windows"
and errors of humidity at the average values of absorption have
the greatest effect on ascending radiation fluxes. Relative er-
rors of the spectral fluxes of ascending radiation in the majority
of cases do not exceed 5%.

In all the spectral intervals considered the errors of the
radiant influx of heat in the lower troposphere are small—of the
order of 1-5%. However, they rapidly increase with altitude, and
above 9-10 km already relative errors of the spectral influx ex-
ceeding 100% are observed. In this case the magnitudes of AR are
basically determined by the error of the humidity and depend little
upon the error of temperature.

The relative magnitudes and the nature of the distribution of
the errors of integral fluxes of thermal radiation have a similar-
ity with errors in the spectral interval with moderate absorption
(for example, in the interval of 1300-1250 cm-1l). To an altitude
of 6-7 km the magnitudes of AFY and AF+ are comparatively small
(even at AT = 2° and AU = 10% the values of AF¥ do not exceed 10%).
However, in-the upper atmosphere in a number of cases very large
values of the errors of integral counter-radlation are observed
(see Table 2). In this case at altitudes z > 10 km the effect of
errors of temperature 1s negligible, and practically the only
source of errors of AFY are humidity errors. Errors in magnitudes
of the ascending radiation are small and are almost independent of
altitude.

We also note that the results given above agree well with
the corresponding results of [6], where errors of the calculations
of integral thermal radiation to an altitude of the order of 10 km
were considered.

The values of integral radiant influxes of heat are very sen-
sitive to errors of humidity. In models of the atmosphere where
the magnitudes of AU are considerable, the maximum of AR around
10 km is qbserved, and in the lower troposphere and in the region
of 20-30 km the values of the absolute errors of the influx are
comparatively small; the corresponding magnitudes of relative
errors (AR) in the upper troposphere and in the stratosphere ex-
ceed 100%. At small errors of humidity the magnitudes of AR and /37
AR are also small at all the altitudes in the atmosphere considered+—
We should note that the relative errors of the integral influx are
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considerably less than in the case of the individual spectral inter-
vals considered in the given work.

The results of this work demonstrate that the accuracy of
measurement of the atmospheric temperature that is obtainable at
the present time (of the order of 0.5-1.0°) is entirely satisfac-.
tory for the calculation of fluxes and influxes of the integral
thermal radiation of the atmosphere. However, an increase in the
accuracy of the measurement of the characteristics of humidity is
necessary, especially in the upper atmosphere: while in the lower
atmosphere the absolute error of the relative humidity, AU = 1109,
which makes it possible to obtain integral fluxes of radiation and
radiant heat influxes with an accuracy of about 5-10%, above 8-10
km such an accuracy can be obtained in the radiation values only
in a case when the relative error of the humidity AU/U < 10%. For
determination of the spectral distribution of fluxes and influxes
of radiation it is desirable to have initial meteorological data
of even higher accuracy (AT < 0.5° C, AU/U < 5%). Therefore, an
increase in the reliability of the measurement of the content of
water vapor and temperature in the atmosphere is one of the urgent

problems of meteorology.
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ON CALCULATIONS OF THE THERMAL RADIATION
OF THE ATMOSPHERE IN BROKEN CLOUD COVER —

~N
o]

Kh. Yu. Niylisk

On the basis of refs. [1-3], below brief conclusions are
given, obtained in the investigation of the possibilities of the
calculation of fluxes of counter-radiation in broken cloud cover
and the determination of magnitudes of thermal radiation of the
atmosphere averaged throughout large territories. With this, an
estimate of the accuracy of the proposed methodology of the cal-
culations is given.

1. The effect of clouds on the counter-radiation of the
atmosphere at the earth's surface depends considerably upon the
moisture content and temperature of the atmosphere under the cloud.
The appearance of clouds increases counter-radiation by 20-30%, on
the average.

2. With a black model of the cloud, the thermal radiation of
the lateral parts of the cloud, arriving at the earth's surface,
may be calculated with a good accuracy as the radiation of their
imaginary projection from the point of observation to the level of
the lower boundary of the cloud at the temperature of this level.
In other words, instead of a real cloud we may consider a plate,
the dimensions of which depend upon the dimensions and upon the
"zenith angle of the cloud, and the radiation is equal to the radi-
ation of a black body at the temperature at the level of the lower
boundary of the cloud.

3. The closer the cloud zone to the horizon the less 1its
effect on the magnitude of the counter-radiation of the atmosphere
is felt. If the quantity of cloud cover n < 3 and the cloud ring
is located at the very horizon, the counter-radiation of the atmo-
sphere shows practically no difference from the counter-radiation

of a clear sky.

4, The linear dependence of fluxes of counter-radiation upon
the degree of cloud cover occurs only in a case when the clouds
are uniformly distributed with respect to the zenith angle. 1In
the cloud cover located either at the horizon or near the zenith,
the dependence of the counter-radiation upon n 1s nonlinear.

5. The variation of the altitude of the lower boundary of
clouds, as a rule, affects the magnitudes of the ground counter-
radiation of the atmosphere much less than seasonal variations of
the meteorological characteristics of the atmosphere.
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6. For calculations of counter-radiation for a given
distribution of clouds in ring zones of the sky the
following formula i1s recommended:

Kk ojt-l ]
Pi=[n § JU®)sin0cos a0 +

J =0 o; (1)

i

F—mny) § o (sin cos 0 do|,
8.

b

8

Here the sky is divided into k zones, the boundaries of which /39

are determined by the zenlith angle of 8j and 0j+l‘ In each zone

the degree of cloud cover must be known (10 nj) and the magnitudes

of the radiations intensity for clear sky and entirely overcast
sky (the values are Jo(a) and Jn(a)). Thus in the given case very

detailed initial data 1s required, and the corresponding calcula-
tions are quite cumbersome.

7. When k = 2, 1.e., with consideration of the quantity of
clouds individually in two zones (at intervals of the zenith angle
9 from 0-60° and from 60-90°) the calculation error F+ according
to formula (1) is small—in the majority of cases it does not
exceed 3% [1].

8. Finally, a simple formula
F| =nF,| +(1—-n)F,y}

makes it possible to calculate the counter-radiation of the atmo-

sphere with a consideration of the guantity of clouds, regardless

of their arrangement throughout the sky, with an error relative

to the calculations according to formula (1) of the order of 5-10%
(here Fn+ is the counter-radiation with an entirely overcast sky,

F0+ is the counter-radiation with an entirely clear sky).

9. For the calculation of the averaged values of the counter-

radiation FA+ throughout the territory A , the following formula is
proposed:

FAl =(1—=7Rp)Fo} +ap\Fal, (3)

where EA 1s the averaged quantlty of relative cloud cover through-
out the territoryA . The calculation schemes for the determination

of HA are given in refs. [4] and [III.25].
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Formula (3) was derived under the assumption that over the
territory Athe meteorological characteristics of the atmopshere
in a horizontal direction do not vary or vary only weakly. In the
latter case the quantities FO+ and Fn} are calculated on the basis

of the average vertical distributions of temperature, pressure,
and humidity for the given region. :

10. At large gradients of the horizontal variation of the
meteorological parameters it is advisable to divide the territory
A into parts Ai and to determine the average value of the radiation

flux for each of them [according to formula (3)]. The total aver-
aged value of the counter-radiation is then calculated according

to the formula
3] 1 v ‘4‘
ﬁAl=TZfilAi- (L)

11. 1If data are lacking for_calculation of the averaged values
of the relative cloud cover then F ¥+ are calculated according to
formula (3) [or according to (3) and (4)] with the use of the cor- /40

responding magnitude of the absolute cloud cover ng instead of n,

[2]. Our estimates demonstrate that in calculation according to
the approximate formula (3) with the use of ﬁA we obtain somewhat

exaggerated values of Fk+, and with the use of Ngs somewhat under-

stated values. We note that both variations give practically the
same results at the following conditions: 1) the quantity of abso-
lute cloud cover is greater than a scale of 6-8, 2) at any value
of ng if the vertical thickness of the clouds does not exceed 0.1-

0.2 km and the dimensions of the clouds are not too small.

12. According to formulas (3) and (4) we may also determine
the averaged magnitudes of the fluxes of ascending and effective
thermal radiation, and on the basis of these results estimate the
averaged values of the radilation influxes of heat. However, in
the free atmosphere at the level of the clouds and above the clouds,
where the effect of the horizontal heterogeneity of the atmosphere
is already significant, the accuracy of the determination of the
averaged magnitudes of thermal radiation according to formulas (3)
and (4) is certainly less than near the earth's surface.
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VERTICAL PROFILES OF FLUXES OF LONG-WAVE RADIATION
IN A CLOUDY ATMOSPHERE
(Measurements and Calculations)

N. I. Goysa, V. D. Oppengeym, and Ye. M. Feygel'son

In the Southwest Ukraine region in the spring of 1967 a series
of measurements of long-wave radiation.fluxes and the effective
radiation in cloud conditions during the day and the night was con-
ducted. The measurements were conducted to an altitude of 3-4 km
from an IL-14 aircraft by means of two independently calibrated in-
struments of different design: a Yanishevskiy balance gauge and
radiation thermoelements (RTE) designed by B. P. Kozyrev. The RTE
detectors made it possible to measure fluxes of incident F+ and /h1
ascending F4 long-wave radiation separately. In the free atmo- -
sphere actinometric measurements were conducted at intervals of
Az = 1000 m and near the cloud boundaries and within the clouds at
50 m £ Az £ 100 m. Simultaneously, the altitude of the upper bound-
ary of the cloud layer was determined, its thickness, the distri-
bution of the absolute humidity within the cloud was measured, and
also the distribution of the temperature and humidity wilth respect
to altitude. The methodology of the measurements and the process-
ing of the data are described in detail in refs. [1,2]. A compari-
son of the magnitudes of effective radiation, obtained by means of
the Yanishevskily balance gauge and the RTE demonstrated that no
noticeable systematic differences are observed between the values
of F obtained simultaneously by means of these instruments. The
mean square deviation of the absolute magnitudes of the effective
,radlatlon, measured by the two instruments, amounts to 30.022 cal
per cm? min (with an average value of F = 0.15 cal/cm? min), which
agrees with the limits of accuracy of measurement of F of each of
the instruments. Since the volume of experimental data is not
great, this conclusion should be considered as preliminary.

On the basis of 25 vertical profiles of the effective radia-
tion in one-layer St clouds, an experimental radiation model of
the "average stratoformous cloud" was constructed. The method of
construction and the basis parameters of this model are described
in refs. [2,3]. The nature of the distribution of R in such an
average cloud and above it 1is presented in the drawing, from which
it is apparent that in the atmosphere above the cloud the radla-
tion influx R of heat amounts to -0.3 cal/cm?® min on the average,
i.e., of the same order of magnitude as in a clear sky, somewhat
exceeding the latter. Within the cloud the upper 50-meter layer
is the most active. Here the radiation influx RV e amounts to

-17.4 cal/m?® min on the average. In the next 50-meter layer, R /U2
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Profiles of radiliation cooling.
1- influx calculated according to average experimental data;
2- influx calculated according to average values of T, Pys and P
3- average profile of absolute humidity.

decreases to a fifth of its former figure, and amounts to -3.2
cal/cm® min. Then follows a layer of 150 m where R = 0. And,
finally, at a depth of 300-350 m from the upper boundary of the
cloud a radiation heating is observed, and the influx R here
amounts to +0.4 cal/m® min on the average. n-g

The radiation influx of heat to the "average cloud" as a
whole amounts to -0.110 cal/cm® min, and 80% of the entire radia-
tion cooling falls to the share of the upper 100 m.

Because of the complex of measurements described above, it
turns out to be possible to perform calculations of the radiation
fluxes and influxes according to a well-known methodology [4,5]
by means of the integral transmission function of a cloudy atmo-
sphere [6] and to compare the results of the calculations with
data from measurements. The calculations of the influx according

to average values of T, pv, pw, presented in the drawing turned

out to be in good agreement with the average experimental model.
A comparison of several individual examples of measurements and
calculations demonstrated thelr good agreement for ascending
fluxes at z £ 3 km and descending fluxes inside the cloud: the
difference between the calculation and the measurements turned
out to be of the order of 6%, on the average. The divergence in
the magnitudes of the measured and calculated downflows reaches
15% at 1 km £ z £ 3 km. Possible causes of this divergence are
discussed in [2,7].
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Influxes calculated according to the data from measurements
given above and calculations near the upper boundary of the cloud
(Rv g) and in the 1-3 km layer (Rsl) are presented in the table.

10 Mar.! wuMar. 12 M:‘.?.I‘ch .
R - by night,
R .
sl m al/m3m1n 18,0 2 }58;3
2 14 *
cal -
n /1 V.24 0.22 0,38
m 2 2 0.33
1km\<:\<3m I?Cal O.._.a u,

The table shows the good correspondence of Rm and Rcal in the

layer above the cloud and the possibility of essentilial differences
near the upper boundary. Nevertheless, even here the calculations
correctly determine the order of RV g and make it possible to es-

tablish that in comparison with a cloudless atmosphere the influx
at the upper boundary lincreases by two orders of magnitude.

The investigation performed demonstrates the possibility of
the study of the radiation regime of stratoformous clouds and
tropospheric layers with a thickness of 1-2 km by means of the
individual units of actinometric instruments (Yanishevskiy balance
gauges and RTE detectors).
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IT. SHORT-WAVE RADIATION

TRANSFER OF SOLAR RADIATION IN THE ATMOSPHERE
0. A. Avaste

In this article a survey is given of the basic results in the /4
investigation of fluxes and influxes of solar radiation obtained
by the author and described in more detail in refs. [1-6], [II.2].

In the statement of the problem, regions of wvisible and infra-
red radiation were considered separately, with a consideration of
the factors considered in Table 1 1in each specific case.

TABLE 1 o
Spectral region Wavelength Scattering considered Absorption
visible 0.3<AS0.7 u multiple not
considered
near infrared | 0.7<AS4 y one-time spectral
absorption
by H20 and
CO2 gases
considered

Absorption by ozone (the Chapius bands) in the 20-60 km layer
was considered by means of assigning the spectral "sub-zone" of
the solar constant [1,7,8].

Scattering in molecules of air and in an aerosol was con-
sidered by assignment of the spectral optical thicknesses and the
scattering indicatrix averaged for the entire column of the atmo-
sphere [1].

In the near infrared regilon, absorption by water vapor and
carbon dioxide gas plays an important part. In the work the
spectral transmission functions of these gases were used.

A method was developed for calculating the spectral distribu-
tion of direct solar and scattered radiation, and also influxes
at various altitudes [1-5]. The effect of the pressure varying
in the beam path on the absorption function was considered by
means of the parameter X, determined by the formula
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=\ L@+ @ dz/[K p(2)dz] . (1)

Here p(z) (in g/cm3) is the concentration of the absorbing gas at
the altitude 2z; n is a constant; n(HEO) = 0.3; n(COz) = 0.4; P

(in mm Hg) is the atmospheric pressure; 2(in mm Hg) is the partial /4
pressure of the absorbing gas.

The absorption function A(xz) for individual absorption bands
of H2O and 002 gases 1s given in"ref. [2].

The basic characteristics of the average standard model of
the atmosphere used are: volumetric concentration of carbon diox-
ide gas constant (0.033% by volume), concentration of aerosol de-
creases exponentially as a function of altitude, total optical

thickness (aerosol + air molecules) 1% = T(AO) = 0.3 at XO = 0.55

microns, quantity of ozone 0.25 atm/cm, content of water vapor in

the vertical column of the atmosphere m, = fpv(z)dz = 2.1, in cm
0

where pV is the density of the water vapor.

Cloudless atmosphere. We will give certain results of [2-5].
The magnitude of the solar energy absorbed in the entire column of
the atmosphere depends upon the general content of the water vapor,
the altitude of the sun, and the optical thickness of the atmo-
sphere, but is almost independent of the distribution of water
vapor with altitude. 1In the calculation of the vertical distribu-
tion of the radiation heating of the air, it is necessary to con-
sider the distribution of layers of water vapor as a function of
altitude. At an average content of the water wvapor in the atmo-
sphere (w = 2.1 cm) in the 0-20 km layer the absorbed direct solar
radiation amounts to about 12% of the incident solar radiation
from outside the atmosphere, with a variation of the zenith angle
of the sun from 0 to 60 degrees. Radiation heating dT/dt for the
average standard model at individual levels in the 0-20 km layer
does not exceed 0,08 degree/hr. With a stratified distribution
of the water vapor in the atmosphere, radiation heating may reach
3.0 degrees/hr in individual layers. In Fig. 1 the distribution
of the quantity dT/dt for various contents of mvand distributions

of water vapor with altitude 1s given.

Absorption of scattered radiation AD is small in comparison
with absorption of direct solar radiation—AS' at a low albedo of
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the earth's surface (for example, in the case of the sea).

In Table

2 these quantities are compared at A = 6%, which corresponds to
vhe albedo of the sea for incident scatfered radiation.

TABLE 2

4 , degrees

l 0 [;_20 [_quo‘ I 60

80

AS', millical/cm? min |234.7 é2h.2 192.9 146.0 95.9

AD, millical/cm?.min 9.2

9.0 7.9 8.7 9.0

The total flux Qir (direct solar + scattered radiation) in

the near infrared region essentially depends upon the atmosphere
This dependence is represented in Fig. 2.
sult of spectral calculations is designated by solid lines, and

of the mass.

~
=
(@)Y

The re-

the magnitudes of Qir calculated according to the approximation
formula recommended in [II.2] are designated by points, circles,

and crosses.

Z, KM
Zﬂ I~ \\
\\
T T2
/e
el i ) ' PR §
q005 447 a05s 4/ 45
oo 4 aT/at deg/hr

Fig. 1. Heating of the air due to absorption of direct solar radia-

tion in the presence of layers of water vapor.
decrease of the decrease of water vapor with altitude:

T¥=0.2; 2) my=2.1 cm, 1*=0.3; 3) m,=3.0
g/cm3; 10<z<11 km;
g/cm?®, 1<z<2 km; for the curves h-6 T1¥=0.3.
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1-3) exponential
1) m,=0.5 cm,

3 T#=0.5; 4) py=0.06 -10—5_5
5) py=0.2110"° g/em®, 3<z<l km; 6) py=0.68-10



Fig. 2. Dependence of the total
radiation flux in the near infra-
red region upon the atmospheric
mass. 1) optical thickness Tt¥=
=0.2; Ap=0.55 u, content of water
vapor mv=0.5 cm; 2) Tt¥=0.3; my=
=2.1 em; 3) T¥=0.5; m,=3.0 cm;

3) quantities calculated according
to approximation formula (3) of

ref. [II.2] in cases 1, 2, 3,
respectively.

The methods developed make it possible to calculate the daily
sums of absorbed solar radiation in the atmosphere in a clear sky
[3]. The isophotes of the direct solar radiation absorbed during
the day (calories/cm2 day) by seasons are given in Fig. 3.

The calculations given in ref. [5] demonstrated that in the
use of the average value of the cosine of the zenith angle of the
sun for a given calendar day determined by the equality

P a
cosUy - - 1M = — 3 T,
L, p im(t)

we get values of Q exceeding the magnitudes found by direct
integration according to the formula

’II
~

=2\ AS L, m(t)}dt. (2)
"
Here t 1s the time of noon; AS' [w, m, (t)] is the absorbed direct

solar radiation for atmospheric mass m(t). The ratio of the
quantities Q/Q for various values of the sun's declination § and
the geographical latitude ¢ is given in Table 3.

From Table 3 it is apparent that the use of the average value
of cos dg leads to the greatest distortion of the quantity Q in

winter in the high latitudes.

The diurnal sums of absorbed direct solar radiation in the
atmosphere of the summer hemisphere amounts to about one-quarter
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Fig. 3. Isolines of diurnal sums of absorbed direct solar radia-
tion (cal/cm2 day) in the atmosphere for four seasons
(distribution of water vapor p, taken from ref. [10]).

of the diurnal sums of the direct solar energy absorbed in the en-
tire system consisting of the earth and the atmosphere; they are
comparable with the diurnal sums of the radiation balance of the

troposphere.

TABLE 3
degrees F ” L e e e
. cc: ‘ ‘_____N?degrees_
th J 4h ] 7 h l 15 ‘ 45 , 75
—23°07 1.16 1.35 ’ — +10° 106 1.06 1,08
—10° 1.08 1,11 ' 1.6 4-23°27 1.03 0,99 0,99
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‘In the winter hemisphere (in the spring and autumn) the absorp-
tion of direct solar radiation in the atmosphere decreases rapidly
with an lncrease in latitude.

Cloudy conditions. Consideration of cloud layers leads to the
necessity of introducing a number of additional parameters: the
thickness of the layer, altitude of its lower boundary, spectral
absorption and scattering factors, scattering indicatrices in the
cloud, its optical thickness and others. In broken cloud cover we
should consider also the quantity of clouds, on a scale of ten,
and the structural parameters of the field of the clouds (for ex-
ample, the distribution of the dimensions of the clouds and the
distribution of the clouds throughout the sky).

In a case of cirrus clouds with a given albedo of the upper
boundary of the clouds, the calculation of the flux and influx over
the cloud is conducted in the same way as in a clear sky. In the
calculation of these quantities under the cloud the following addi-
tional parameters are considered: 1) the brightness of the lower
boundary of the cloud, 2) the spectral albedo of the underlying
surface, 3) the optical thickness of the layer under the cloud,

4) the scattering indicatrix of the layer under the cloud, 5) the
height of the lower boundary of the clouds, 6) the content of the /49
water vapor in the layer under the cloud, 7) the distribution of -
water vapor in the layer under the cloud.

In the definition of spectral fluxes in the layer under the
cloud at an altitude z, the following components of scattered radi-
ation were considered: radiation emitt?d from the lower boundary
of the clouds, respectively the flux D+ 0)(z), relected from the

(l)(z);

#
reflected and scattered downward D¢( )(z); reflected and scattered
¥
upward, D+( )(z).

underlying surface, D+(0)(z); scattered once downward, D+

The total fluxes of descending and ascending radiation are
equal to

Duz)=m<°>(z>+mw<z>+Dl("‘z)'} (3)
DY@ =D1®@+DiVE+DTOGE):

The influxes to the layer (z, zl) are calculated according to the
formula

AD(z,zQ:DL(z)—,Dl(zl)-+—D’,*(zl)—DT(:). )
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The integral fluxes and influxes are obtained by the summation of
the corresponding spectral quantities. '

We will give certain results of the calculation of the trans-
fer of radiation 1in a cloudy atmosphere. .

1. For the brightness factor of the lower boundary of the
clouds, the following formula is obtained [4]:

S¢S, . =048 (8, 0.m: LLacosth it — bl

SOSF ()[40 (3— %) 1]} (5)

where
fA) =444 - @B —n) (1 — )Tl (6)

Here To is the optical thickness of the clouds; Kl is the elonga-

tion of the indicatrix [7]; A is the albedo of the underlying sur-
face; 6(50, 0, 0) is the brightness of the cloud at the zenith;

60 is the spectral transmission function of the cloud, taken from
monograph [8].

Calculations according to this formula made it possible to
establish the following facts.

With a growth of the length of the scattering indicatrix in
the cloud the brightness of the lower boundary of the cloud in-
creases. At low albedos of the underlying surface, a strong de-
crease of the lower boundary of the clouds at the horizon is ob-
served. With a growth of the albedo of the underlying surface,
the brightness of the lower boundary of the clouds approaches the
brightness of an orthotropic surface, i.e., it does not depend upon
the sighting angle. In cirrus cloud cover fogginess of the layers
outside the cloud has little effect on the mangitude of the flux of
solar radiation arriving at the earth's surface.

Cloud cover has an appreciable effect on the distribution of the
absorbed short-wave radiation in the atmosphere; a qualitative pic-
ture of the vertical distribution of the influx resembles the dis- /50
tribution in a clear sky in a case of a sharply expressed layer of
water vapor (see Fig. 1). However, the radiation absorbed by the
cloud exceeds the .radiation absorbed by the layer of water vapor,
due to an increase in the beam path by multiple scattering inside

the cloud.
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The reflection indicatrix of the clouds has a strong maximum
in the direction of mirror reflection (a sun track). In radiation
departing beyond the limits of the atmosphere, this maximum is
smoother:due to absorption and scattering by the layers of the atmo-
sphere above the clouds, [9].

Fig. 4. Dependence of the solar
radiation absorbed in the atmo-
sphere upon the zenith angle of
the sun.

1) cloudless atmosphere mv=0.5 cm,
T*=0.2; 2) the same, my=2.1 cm,
T¥#=0.3; 3) the same, my=3.0 cm,
T#=0.5; 4) author's calculation,
St clouds, T¢=30, zn.g=1 km,

Az=2 km, spectral transmission
according to ref. [8]; 5) accord-
7 L 1 R ing to [16], Cu clouds, Toe=20,

2y g=l km, Az=1 km; cross indicates

Ci clouds, albedo according to [12].

Cloud cover increases absorption in the layer above the clouds
due to the strong reflection of radiation from the clouds. As a
consequence of the great reflecting capability of the clouds, we
should consider the effect upon non-orthotropic reflection of radi-
ation in distinction from the case of reflection of the sea surface
described above [9]. Absorption of the mirror component of solar
radiation turns out to be considerable in high geographical lati-
tudes, where the zenith angle of the sun is great.

The general concept of the dependence of the solar radiation
absorbed in the atmosphere upon the zenith angle of the sun 1is
given by Fig. 4. For low values of the zenith angles of the sun
in the presence of clouds, the solar radiation absorbed exceeds
the average absorption of a cloudless atmosphere by a factor of
1.2-1.5. At large zenith angles of the sun ¢ > 60°) in a cloudy
atmosphere, less solar radiation is absorbed than in a cloudless
atmosphere.

Certain data concerning the absorpEion of solar radiation in
the column of the atmosphere, in cal/ecm® min, are given in Table by,
Here Z, . is the altitude of the lower boundary of the clouds, Az

is the thickness of the cloud layer. In our calculations the
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spectral transmission function and the albedo for St and As clouds

were taken from monograph [8], and for Ci cloud from refs. [11,12].
TABLE 4 /51
Fromrég%}““ |Author's calculations

i T st 7. M| AS. T b | Gt 7= 6

g o 0 |8 '

vo |8 [ 8| 85|88 | 85| %5 | 8s |20
2] 53 s | ¥ e 1 I =

et o T < HclT I - I o h.l; x
o I i w ! w wl !
Loloan | By | Fa | Fa | Ax | A5 | A4
40° {0193 0,204 | 0,102 | 0.193 | 0.234 | 0205 | 0.205 4 =
60° | 0.140| 0,135 | 0,128 | 0,129 | 0,140 | 0,432 | 0.138 k-

In the layer under the cloud considerably less solar radiation
is absorbed than in the same layer in a clear sky (Achear)‘ The
Here AQ is ab-

ratio of Achoud/Achear is given in Table 5. cloud
sorption in clouds in the layer indicated.
TABLE 5
9@, degrees R 4o 60

To = 30, St, 1-3 km 1.85 1.21

Layer under cloud O0-1 km 0.32 0.18

To = 6, As, 2-3 km 2.47 3.90

Layer under cloud 0-2 km 0.59 0.17

To = 6, Ci, 6-6.5 km - 11.88

Layer under cloud 0-6 km - 0.20

The radiation absorbed in the layer under the cloud depends
slightly upon the albedo of the underlying surface, since the
contribution of reflected radiation to absorption under the clouds

is small.

A more complex problem is the calculation of the flux and in-
flux for broken cloud cover. In this case we must determine the
averaged values of the flux and influx throughout the territory.
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In the work two characteristics of cloud cover were used:

relative cloud cover nA determined by means of projecting the

clouds onto an imaginary hemisphere, the center of which is an
observer on the earth's surface, and the absolute cloud cover ng
determined by means of projecting the clouds onto a horizontal
surface. The flux is created by three components: direct solar
radiation S, radiation Dn scattered by the clouds, and radiation

Dc scattered by the molecules of air and aerosols, and may be
described by the formula
Q= SP(Oo) -t By Dyt (1 — i) D
(7)

Here P(¥g ) is the probability of a free line of visibility in the /52

direction of the sun; ﬁA is the averaged quantity of the relative
cloud cover throughout the territory.
We note that the probability of a free line A of visibility

averaged throughout the territority is associated with the relative
cloud cover by the formula

ﬁA =1 — QI’A () o,

(8)

The gquantities ﬁA and PAZW5 depend upon the structure of the

cloud elements (i.e., upon the altitude and frequency of the dis-
tribution of the clouds in space).

The quantity of clouds determined from the earth's surface 1is
greater than the quantity n, determined from a satellite, since the

terrestrial observer also sees the lateral parts of the cloud. In
accordance with ref. [13] the values of the albedo of the system
consisting of the earth and the atmosphere, obtained according to
data from the "Nimbus-11" satellite in latitudes from 50° N to

40° S are smaller than the magnitudes calculated according to the
climatiec data concerning cloud cover. The estimates performed
demonstrate_that thls divergence 1s explained by the different mag-
nitudes of n, and ny. With a cloud cover of 3-6 on a scale of 10,

the divergences in the values of EA and n, may reach 2-3 [14,15].

The average influx in broken cloud cover may be calculated
according to the formula
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AQ (5 3 Be) = P (0) N, (=, 2) 1 (1 — P () AQ, (2,2, . (9

where AQc(z, Zl) and AQn(z, zl) are the vertical distributions of
the influxes in a clear sky and in a cloudy sky.
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ON THE CALCULATION OF THE INTEGRAL FLUX AND INFLUX
OF SOLAR RADIATION

0. A. Avaste, L. D. Krasnokotskaya,
and Ye. M. Feygel'son

Simplified methods of calculating the total flux Q of solar
radiation to the earth's surface and the influx ABS of direct solar
radiation to the atmospheric layers are considered [1].

The effect of the turbidity of the atmosphere and absorption

of solar radiation by atmospheric gases on the flux of solar radi-
ation is investigated. The quantities Q and ABS are presented in

a form of approximation formulas that are convenlent for calcula-
tion.

Regions of visual radiation (0.4 < A < 0.75 micron) and infra-
red radiation (0.75 < A £ 3.0 microns) are considered separately.
The total radiation flux in the visible region, Qv’ may be expressed
by the formula

Oy =]0.r0050(£ ¢ B0 ':‘Dlv' (1)

where Io,v is the extra-atmospheric intensity of solar radiation,
integrated throughout the visible region of the spectrum; D+V is

the downflow of scattered radlation; T is the optical thickness

in the visible region, satisfying the conditions T, % T(AO) at

XO = 0.55 micron [1]; Y9 is the zenith angle of the sun. The flux /54
of direct solar radiation, Sv [the first term in the righthand part

of formula (1)] is easy to calculate. Calculation of the flux D+¥
of scattered radiation required numerical solution of the trans-
fer equations [1].

In Fig. 1 a quite weak dependence of QV upon T(AO) is observed
which is explained by the opposite change of the fluxes SV and D+V,
with a growth of T(AO). Calculations at 30° <99 < 75° demonstrated
that Qv varies by not more than 25% with a variation of T within
limits of 0.2-0.6. The curve Q, in Fig. 1 may be approximated by
the following formula, proposed earlier for the entire summary
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Fig. 1. Dependence of the direct
radiation flux, scattered radia-
tion flux, and total radiation

Fig. 2. Dependence of the
direct radiation of flux,
scattered radiation flux,

flux in the visible range as a and total radiation flux of
function of T(Ao) at 99 = 60°. the infrared range as a function
1) 8,5 2) D¥ ;3 3) Q,;3 I) calcula- of T(Xy) at %y = 60°.

tion of Q  according to formula 1) S;ps 2) D¥,.5 3) Qpe

(1); II) calculation of QV accord-

ing to (2).

radiation (0.3 < A £ 5 microns) [2,3]:

I cos®
_ T ov ®
@ 1+ @) v (Ro) sec ds (2)

If the parameter e(dg) is assigned in accordance with the
table, formula (2) describes QV at 0.2 < T(AO) < 0.6 with an error
less than 5%.

£/0) ' 30° ’ 60° ' 75°

e (8q) ' 0.14 l 0.2 ' 0.24

The results of the calculations of the direct radiation flux
. Sir’ scattered radiation flux D+ir, and total radiation flux Qir

in the near infrared region of the spectrum [4] are presented in
Fig. 2. By comparing Figs. 1 and 2 we may see that the total flux
in the infrared region depends upon the turbidity (air pollution)
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more strongly than in the visible region. In this case the complex
nature of the absorption spectra of the atmospheric gases make the
calculation of Qir very laborious with respect to spectral data.

The following approximation formula, obtained according to data
from spectral calculations [4], is recommended:

Qir =08 [T )7 " m=3 [cal/cm? «min] (3)

Here the parameter m is the atmospheric mass, and the parameter X5=
= X, at z = 0 is determined according to formula

Ty = OSO 1P (2) + l(z)]o.an(z) dz / [§ n(z) dz]l" (4)

Here P (in mm Hg) is the atmospheric pressure, mm Hg) and
n(z) (g/em3) are the partial pressure and the the density of the
water vapor.

According to data from numerous calculations, the error of
formula (3) does not go beyond limits of 5%.

The calculations have demonstrated that the magnitude of the
total radiation, Q = QV + Qir’ varies by 10-30% as a function of
d¢ Wwith a variation of T(Ao) within 1limits of 0.2-0.6, and by
5-15% in the variation of the total content of water vapor in the
atmosphere within limits of 0.5-30 cm.

Formula (2) at € =~ 0.1; T = Tt T and IO = Io,v + Io,ir

makes it possible to calculate Q = Q_ + Qir wlth an error of the

order of 15%.

v

The influx of short-wave radiation to the layer (Zk—l’ Zk)
also may be described by the approximation formula [5]:

ABs = 0,067 (40— ) <tim™ cal/cm? min (5)

In formula (5) only the absorption of direct solar radiation is
considered, in comparison with which absorption by scattering is
small.
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The error of formula (5) does not exceed 5%.

The use of the parameter X, in formulas (3) and (5) makes it

possible to consider the effect of the variation of pressure in
the path of a sun beam in the atmosphere on its absorption. This
gives a certain advantage over the formulas of Kastrov and Muegge-
Moeller [2,3], in which absorption of solar radiation is given
only as a function of the general content of water vapor in the
beam path.

In conclusion we note that the separate estimates made of the
possible changes of the flux as a function of the variations of
the turbidity and humidity of the atmosphere permitted by the
climatic conditions demonstrated the larger role of the first of
them.

Empirical formula (2) very accurately describes the dependence
of the total radiation upon the turbidity of the atmosphere. This
formula does not consider the change in humidity, which is insignificant
at average values of the latter. Real oscillations of humidity
may go far beyond the limits of the average values considered. In /56
these cases, for calculation of the fluxes 1t is preferable to use —
formulas (1) and (3) at values of the fluxes D+v, given in [1].

Heating of the atmosphere due to absorption of direct solar

radiation may be quite accurately and simply calculated by means
of formula (5).
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REFLECTION, TRANSMISSION, AND ABSORPTION OF RADIATION
BY CLOUDS IN THE ABSORPTION BANDS OF WATER VAPOR

L. D. Krasnokotskaya and L. M. Romanova

The optical properties of clouds determine the quantity of
radiation arriving at the surface of the earth and the heating of
the atmosphere by radiant energy. Reflection, transmission, and
absorption by clouds depend upon their absolute humidity, upon the
dimensions of the droplets, upon the content of water vapor in the
¢loud, and upon the thickness and level of the cloud layer.

A survey of experimental data with respect to the albedos of
clouds is contained in [1]. A survey of the theoretical data ob-
tained by the beginning of the 1960's with respect to the optical
properties of clouds is given [2]. To these data should be added
the calculations [3], based on numerical solution of the transfer
equation, calculations by the Monte-Carlo method [4,5], and calcu-
lation of fluxes from approximation transfer equations [6]. In
[7,8] are given analytical expressions for calculation of the in-
tensity of the radiation reflected and transmitted by a thick

cloud layer.

In [2-8] the absorbing properties of atmospheric gases are
described by the absorption factor Gy Actually, for finite spec-
tral intervals of Av the transmission functions ¢, must be used, /57

which depend upon the mass m of the absorbing matter in the beam
path. If the cloud is homogeneous, then this mass is proportional
to the length £ of the path in which the absorption occurs. There-
fore, for determination of the radiation intensity IAv in a homo-

geneous cloud in the absorption band we must know the photon dis-
tribution J with respect to free paths ¢ caused by scattering. Upon
condition that in the interval Av the scattering properties do not
depend upon the wavelength, the intensity IAv is associated with

the quantity J by the following relation [9,10]:

00

> / A'
Iay (Tgy @, ©g) = Iy, Av\ T (A, Tgy @, ) Dpp \f’ T) dA, (1)
[}
where A = 01; o 1s the scattering factor; IO Av is the intensity
3

of the radiation falling onto the upper boundary of the cloud; p
is the density of the absorbing substance; Tg is the optical thick-

ness of the cloud; w, w, are the unit vectors in the direction of
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the propagation of the scattered radiation and the radiation that
is incident to the boundary of the cloud.

The transfer equation for the distribution with respect to
runs, and certain solutions of it are contained in [9-11]. This
distribution may also be obtained by the Monte-Carlo method [12].
Here for calculation of J we will use asymptotic formulas obtained
in [13] for distribution with respect to free paths of photons reflec-

ted and transmitted by the layer of aturbid medium of great optical
thickness. The results of thils work must be somewhat refined: the

limits of applicability of the formulas for layers of finite thick-
ness have an upper boundary, since at values of A greater than a
certain value A¥, the method of calculation of the integrals in

[13] ceases to work. At rather large values of A [14] the distribu-
tion with respect to free paths has the form of an exponential
function. For the cases considered here, the asymptotic formulas [13]
must be replaced by an exponential function at A ~ 200.

In this work fluxes of reflected radiation A, absorbed radia-
tion P, and transmitted radiation T of the sun, as reflected, ab-
sorbed, or transmitted by stratoform clouds, in the near infrared
region of the spectrum, were calculated. The calculations were
performed by means of graphic integration of the function

J(A)@Av(gf%), where Py is the density of water vapor. Absorption

in droplet water was not considered. In the calculations, trans-
mission functions Ay Vere used [15], with subsequent processing

[16].

A homogeneous cloud with an absolute humidity Py = 0.2 g/m3

was considered, as well ags a monodispersed scattering indicatrix 1
corresponding to p = 2mr/A = 20 and a scattering factor ¢ = 30 km

In the determination of the dependence of 9, upon pressures [16]

it was assumed that the altitude of the lower boundary of the
cloud is equal to z = 0.5 km,.
n.g
In Table 1 the values of A, T, and T = 1 - A - T are given /58
for each absorption band of water vapor in the near infrared region—
of the spectrum at different values of the optical thickness To

of the cloud layer, and of the density Py of water vapor. In the
first column the values of A and T are given in the absence of ab-
sorption.

The error of calculation of the magnitudes of A and T due to
approximate integration according to formula (1) amounts to #*3%.
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The data in Table 1 have only tentative value,
region 0.7-3.57 microns the scattering indicatrix and the most

important characteristic for thick layers—the average cosine of
‘the scattering angle in the droplets of water—vary considerably.

since in the

TABLE 1

0,7 0.8 pat [ee] ¢ o X 3‘23
|
070 -| o, | o.85— 1,03~ {,25-! 1,70.-| 2,27~ 3,0-3

0,71 | 086 | 0,99 [ 1723 | ()54 | 2.10 | 3.0 3,57

. Po== 1 gm3

o0 Aa, 1 0,9910,99 10,9 )0,98]0,78]10,78)0,64) 0,84
,, — — | — | 0.4 |0,04]0,22]0,22]0,39 | 0,6

4,4, 0,81 0,81/0,810,79)0,790,66)0,65) 0,53 )0,71

30 T,, 0,19 0,149/049| 0,480,481 0,450,144 ] 0,09 0,15
I, -— — - 0,03{0,03}10,49 0,21 10,381} 0,14

4., 0,77 0,7710,7710,75 | 0,75 | 0,64 | 0,63 { 0,51 | 0,68

20 Ty, 0,23 0,23 {0,23}0,22{0,22)0,19|0,18 0,12 ] 0,20
a,, — — | — |0.03]0.03 (0,47 | 0,19 | 0,37 | 0.12

Pr=5gm3

A,, 0,81 0,81)0,81]04790,77 ) 0,55 | 0,54 0,39. 0,56

30 Ty, 0,19 0,19‘ 0,49 (0,18 {0,147 |0,09 0,09 0,04 | 0,09
,, — — — 0,030,06)0,3 (0,37 | 0,57 | 0,35

A, 0,77 0,77 | 0,76 | 0,73 | 0,72 [ 0,53 | 0,52 | 0,37 | 0,54

20 T4, 0,23 0,2310,23]0,22]0,220,45|0,14 0,08} 0,15
Iy, — — 0,00 10,05/0,060,32]0,34)0,55] 0,31

From Table 1 it is apparent that at A = 1/v S

albedo in the absorption bands of water vapor 1s close to the
Absorption here is small and does not

albedo outside the bands.
go beyond the limits of the error of calculation.
in the wavelength the albedo decreases with a corresponding in-
crease of absorption in the cloud layer
density of the water vapor from 1 g/m® to 5 g/m® the absorption at

A 2 1 micron increases by approximately 50%, and the reflection de-

creases by 18-~30%.

Th

1 micron the

With an increase

With an increase in the
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In Table 2 the values of the albedo A, ., transmission T, .,
int int

and absorption Hint integrated throughout the interval of wave-
lengths of 0.7-3.6 microns are given.

TABLE 2
To 30 20 3u 20
A 0,92 0,76 0,73 0,72 0,68
T 0,18 0,21 0,16 0,23
o 0,08 0,06 0,06 0,12 0,09

As is apparent from Table 2, the cloud absorbs 6-12% of the
radiation falling on its upper boundary. This magnitude depends
weakly upon the optical thickness of the cloud.
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EXPERIMENTAL INVESTIGATIONS OF FLUXES
OF SOLAR RADIATION IN THE LOWER TROPOSPHERE
IN St AND Sc CLOUDS

N. I. Goysa and V. M. Shoshin

The first measurements of radiation fluxes in a cloudy atmo-
sphere were performed by W. Aldridge and M. Luckeish [2]. Similar
measurements were renewed only 30 years later, at first by M.
Neiburger [3] and then by Z. Fritz [U4]. In the Soviet Union the
first measurements of radiation characteristics of clouds were per-
formed by N. I. Chel'tsov [5], whose work up to this time has not
lost its acuteness and value. In subseguent years several works
appeared [6-11] devoted to this problem. However, both with re-
spect to volume and completeness of material and with respect to
methodology they, at best, were only a repetition of the work of
N. I. Chel'tsov mentioned above.

In 1963 experimental investigations of the radiation proper-
ties of clouds were begun in the Ukr. NIGMI.

The basic principles of the methodology of the measurement of
radiation fluxes in a cloudy atmosphere were developed by V. G.
Kastrov [12]. The methodology of the measurements being described
is explained in detail in [13]. Together with radiation fluxes,
the absolute humidity of the clouds, temperature, relative humidity
and the pressure of the air were also determined, visual observa-
tions were made of the state of the cloud cover. For six years
considerable experimental material was accumulated, the generali-
zation of which was partially performed in [14-17].

We will first discuss the radiation characteristics of the
cloud layer as a whole. The main problem is to ascertain the
dependence of the radiation characteristics of the cloud (albedo
Ak’ transmissivity ¢ and absorption capability b) upon its initial
parameters: the thickness H = Z, g " Z, g and the water supply
m.s and also upon the altitude of the sun h@.

The problem indicated was considered in [1,3-11]. However, /61
there was inadequate experimental material concerning the radia- ~
tion properties of cloud cover. Certain quantitative relationships
such as, for example, the dependence of the radiation characteris-
tics upon the water reserve in the cloud and the altitusde of the
sun were not considered in the works indicated, with the exception

of [10].
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The methodology of the processing of materials of measurements
also requires refinement. Since a cloud, for short-wave radiation,

is a semi-transparent medium, at the magnitudes of Ak,¢ , and b,
obtained as ratios
DJ Dt
A;,- — Zn.g) ; (Zn.g . b — "\Bk (1)
Cev.e) = Qevg Qzv.gy '

the radiation reflected from the earth's surface must have an ap-
preciable effect. This circumstance, although it was noted in a
number of works [3,5,8], was not considered. Therefore, the mag-

nitudes of Ak and ¢ given in all the works cited above refer,

naturally, not to the cloud itself but to the system consisting
of the cloud, the layer under the cloud, and the earth's surface.
This circumstance, at large differences in albedo AZ of the

earth's surfacs, may cause an essential deterioration in the com-
parability of the results obtained.

In refs. [13,18] a somewhat different method of processing
the results of the measurements was proposed, and in [14-16] it
was applied. Its essence lies in the transition from the magni-

tudes of Ak and & determined from ratios (1) to their "true" values

*
Ak and ¢*, reflecting only the properties of the given cloud. Such

a transition is accomplished by means of reducling the magnitudes
of A and ¢ corresponding to definite values of A to A = 0 by
means of the following formulas [13]:

o' = &1 — Ay-4p). (2)

In analogy with the "true" magnitudes of Ai and ¢¥ we may

introduce the concept of the "true" absorption capability b¥,
which may be determined from the relation

Aﬁ + 0% + p¥ = 1. (3)

However, as was demonstrated in [14,17] and as follows from
[3,19] the quantities b and b¥* are practically independent of such
parameters of the cloud as H and m.» and therefore they cannot be

used as characteristics of the absorption capability. At
this first glance paradoxical circumstance 1s explained by the
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fact that the radiation ABk absorbed by the cloud is not determined

th iati s e
so much by the flux Q(zv.g.)’ as by e radiation anp The
latter, with an unchanged magnitude of Q(z , decreases with a

V.
growth of H and m, [14] in connection with t%e increase in Aﬁ and
the decrease in ¢¥. In this case the quantity ABk either does not

change or even decreases. In connection with what was explained
above, for the characteristics of the absorption capability of the
cloud it is proposed to use the ratio bef = ABk/Qinp’ which may

be called the effective absorption capability. The quantity Qinp

is determined according to the formula [14]:

O = Quay (1 — A~ (14 -2 = ) . (W)
A

In analogy with the concept of the "true" albedo and transmission
capability of the cloud we may introduce the concept of the "true"
effective absorption capability bgf. It is easy to demonstrate

that the quantity b; may be determined by means of the following

equation: r

¥ = _ D¥
bef = T—_—-ﬁ-ﬁ—— . (5)

In Table 1 the average values of the basic parameters of St
and Sc clouds are presented, and also the values of the quantities
characterizing their radiation properties.

Aside from the parameters Aﬁ, ¥, b, and bef described above,

here the average values of the rate of radiation heating due to
short-wave radiation Gk and long-wave radiation ed and their sum

6 are presented. These quantities, like the others given below,
were obtained on the basis of data from 112 soundings of St and Sc.
The sounding was performed primarily in the vicinity of the exper-
imental test area of the Ukr. NIGMI (Xrivoy Rog). Some flights
were made over the airports of Khar'kov, Vinnitsa, Kiev, Odessa,
Kirovograd, and Donetsk.

From Table 1 it is apparent that the forms of the clouds being
investigated differ noticeably with respect to their parameters
(the thickness, the position of the upper boundary, and water

reserve supply).
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TABLE 1
Form NO. Average values
of of - z H tow m | oan% | o % by bos % (8. ° e° 9,°
Cloud cases » g/m w, M k» % s 70 » /o efs 70 ks *Phr ys * /Bx , */hy

St o8 ] 860 | 430 l—z.s 0,20 85 73 21 6,2 25,3 0,17 —0,51 | —0,34

Sc 54 980 | 350 | —2,0! 0,13 46 66 26 8.6 23,8 0,27 —0,71 | —0,44
TABLE 2

A* % e Cou | ko om N
Thickness : - P N p B

m avs max.|min. | aw max.|min. km'1 ke km-1
90— 110 .2 59,6 30,6 63,0 759 | v 4,85 3,70 1,156 0,95 0,60
110--130 36,8 40,0 3.8 35,5 59,5 | 44.8 492 3.70 1,12 09 u,67
130— 160 43.8 77.4 402 49,5 59,5 23,8 5,00 3,80 1,20 0,89 0,48
170—200 51,6 6u,8 37,6 38,8 46,2 29,2 5,10 3,90 1,20 0,88 0,55
200—250 59,0 73,4 4,0 32,0 53,4 17.6 5.07 3,95 1,12 0,88 0,45
250—300 66,2 83,6 60,2 27,0 44,8 12, 4,78 3N 0,87 0,90 0,30
300—350 71.2 88,2 48 .4 23,4 43,0 12,6 4 44 3.78 0,66 0,88 0,17
350—400 73,6 82,4 63,4 21,0 34,8 1u,0 A1 3,58 0,53 0,83 0,15
400— 500 76 4 80,6 64,8 18,1 45,4 11,2 3,72 3,19 0,53 0,76 0,13
500— G600 79,0 85,0 (6,4 15,6 27.6 11,2 3,43 2,82 0,51 0,67 0,10
600— 700 80,6 | 93,6 52,0 14,0 38,4 7.9 2,95 2,52 0,43 060 | 0,09
700— 1000 82,1 89,4 62,2 12,4 35,3 5,5 2,35 2,00 0,35 0,50 v,07

~N
(@)Y

e T



This, 1n turn, served as the cause of the differences in

the radiation characteristics,
heating.

In Fig. 1 the dependence of the quantities

water reserve in the cloud is presented, and in
pendence upon the thickness of the cloud layer.
that the radiation characteristics of the cloud

and also in the rate of radiation

Aﬁ and ¢* upon the

Table 2, their de-
It is apparent
undergo strong

variations at small values of m (less than 50 g/m ) and H (less

than 300 m). A further growth of these parameters leads to a
relatively small variation of Aﬁ and ¥, We should note that the

dependences considered are given without consideration of the ef-
fect of the altitude of the sun, which varied from case to case
within limits of 6-52° at an average value of 25°. The dependence
of A* and ®* upon the average specific humidity w of the cloud

turned out to be analogous to their dependence upon m.e

75"

2

Loo

a80

g e e

VA L ! ! ! ! j 5
V////8 ZWMh,g/m

Dependence of the "true" magnitudes of the albedo and the
transmission of cirrus and cirrocumulus clouds upon their
water reserve,

1 and 3- experimental points; 2 and 4- moving averages
from five cases; 5- curve consftructed according to exper-
imental data; 6~ the same, according to formulas (12).

Fig. 1.
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It is interesting to establish the analytical connection of /6

the radiation characteristics with the parameters of the cloud.
In certain works [8,18], it is assumed that the transmission func-
tion & depends exponentially upon the optical thickness To of the

cloud. If in this case we assume that Ty = og+*H, where o is the
scattering factor, we should expect an exponential dependence of
Aﬁ and ¢* upon H.

In Table 2 are given the scattering factors o, attentuation
factors k, and absorption factors kp, ké, and kg, calculated ac-
cording to formulas:

A,..‘? |~ “-nll' (6)
(I).-‘—'- (,—RII (7)
by 1=e'® (8)
pool—e T (9)
ke, lie@ (10)

In Table 2 the dependence of the "true" magnitudes of the albe-
do, relative transmission, and attentuation factor k, scattering
factor o, and absorption factors kp, ké, and kg of short-wave radi-

ation of stratoform clouds upon their thickness is presented. From
Table 2 it follows that ¢ and k strongly depend upon H. This testi-
fies to the unfitness of a linear connection between o and H for

real clouds, which is also confirmed by earlier investigations.
The dependence of Aﬁ and ¢% upon H may also be expressed by the
formulas:

AL L. P LA (11)

S e o 0T

However, in these formulas the coefficients a, a', b, and b' also
depend upon H, although less so than o and k. The values of the
parameters in formula (11) for various thicknesses are given in

£171.

83



The connection of the magnitudes of A§ and ¢ with the water

reserve wm of the cloud may be presented in the form

‘—n,sc;: m. ( 12)

4-—
L4 . .
/ll{ = | — e~ 0AY mw; P -

As is apparent from Fig. 1, the curves constructed according
to formulas (12) agree entirely satisfactorily with the data from
the measurements.

A comparison of the data obtained concerning the dependence

of A¥ and ¢*¥ upon H with data from other authors [3,5,8,9,18] was

k
performed in [14]. A satisfactory agreement is observed within

the limits of accuracy of measurements and the spatial variability
of the object being investigated. We should only note that in
opposition to [5] we did not succeed in observing a systematic
dependence of the radiation characteristics of St and Sc upon the
parameters of these clouds, H and m.

™~
o)
N

One of the factors affecting % and Aﬁ is the altitude of the

sun, h@. In spite of the comparatively small volume of materials

I

from measurements, we succeeded in estimating this dependence ten-
tatively (Table 3). For clouds of small thickness (H =~ 200 m at
h@ 2 10°) the variation of the albedo of the upper boundary,

AA/Ah amounts to 0.4% per degree. With an increase in H, this ef-
fect attenuates and for thick clouds AA/Ah = -0.15% per degree.
In this case the relative transmission decreases by approximately
the same magnitude (a somewhat lesser magnitude).

In ref. [17] a tentative estimate is given of the dependence
of the scattering factor and attentuation factor upon the altitude
of the sun. It turned out that this dependence is close to linear.

The experimental data were compared with the calculations of /67
Ye. M. Feygel'son [1], according to whom the albedo of St and Sc
of average thickness (about 400 m) at h, = 40° is equal, respec-
tively, to 63 and 72%. In this case AA9Ah = ~0.25% per degree and
-0.20% per degree. The numbers indicated are close to our data.

According to the data in Table 3, we may judge the dependence
of the quantities b¥ and béf upon H and h@. It is apparent that

b* is almost independent of H and h®, while for bgf this dependence
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TABLE 3

——— e U VUU UUUII . PP S

Thick Altitude of sun, degrees
ness}Symbols - " " 0 © "0
moo LR IS W - —_
o * 37,0 43,5 48,8 53,2 56,0
175 A* 59,5 52,4 47,0 43,6 41,0
b* 3,5 4,1 4,2 3,2 3,0
bet 8,6 8.6 8,0 5,7 5.1
o* 23,2 27,8 31,0 34,5 37,2
260 a* 72,0 67,0 62,8 59,2 57,0
b* 4,8 5,2 642 6,3 5,8
b’ 17,2 15,7 16,6 15,4 13,5
o * 18,5 19,8 22,3 23,8 25,6
350 At 75,5 73,2 70,8 68.8 67,4
b* 60 7.0 6,9 7.4 7,0
beg 24,5 26,1 23,6 23,7 21,5
o * 14,5 16,0 17,5 19,0 20,5
450 A 80,0 77,5 75.8 74,2 72,8
b* 5.5 6.5 6.7 6.8 6.7
beg 27.5 28,8 27,6 26,4 24,6
¢ * 11,5 12,5 14,0 15,7 17,0
610 A 83,6 81,2 79.7 78,2 77,0
b* 4.9 6,3 6.3 6,1 6.0
bog 29,8 33.4 31,0 27,9 26,0
o * 10,0 11,0 11,7 12,3 13,0
900 A 85,6 83,2 82,0 81,0 80,0
b* 4.4 5,8 6,3 6.7 7,0
bet 30,5 34,5 35,0 35,2 35,0

is essential. From this it follows that the real variations of

the absorption capability of the clouds may be characterized only
by the quantities bef and bgf.

In Fig. 2 the dependence of bef upon m_ and H is presented,

constructed on the basis of data from direct measurements. In spite
of the strong scattering of the points, the dependence is entirely
clear, especially if we consider the averaged data. According to
the scattering of the points, the accuracy of the determination of
the radiation influx of heat to the cloud layer due to short-wave

radiation was tentatively estimated. The mean square error turned
out to be equal to 47% [14].
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Altitude-of sun, degrees
% 10 I 0 I 40 I a0 50 60
U 0,160 0,400 0 65 0,870 1,000 1,200
0,2 0,173 0,420 (1,073 0,800 1,080 1,220
L 0,186 0,446 0,697 0,919 1,110 1,244
1,0 0,202 0,469 0,722 0,950 1,145 1,280
2,0 0,228 0,495 0,749 0,989 1,185 1,330
3.0 0,249 0,520 0,781 1,01 1,225 1,365
4,0 0,256 0,039 0,500 1 066 1,206 1,400
6,0 0,283 0,964 0812 t 1ot 1,204 1,430
TABLE 5
inte val | Altitude: of sun, degrees
valle 8¥ 'Symbolsg — e
H, km y H I 20 | 30 l 40 50
0,09 ~0,2 AB 0,007 TRUE) 0,080 | 0,0M 0,034
0,175 0, 0,08 0,22 0,35 0,36 0,39
0,2—0,3 AR 0,010 0,02 0,045 | 0,060 0,066
0,26 0. 0,08 0,19 0,35 0,47 0,52
0,3—0,4 AB 0,012 0,033 0,050 0,070 0,079
0,35 0 0,07 0,19 0,29 0,40 046
0,4—0,5 AL, 0,011 10,031 0,048 | 0,068 0,076
0,45 0], 1,05 0,14 0,22 0,26 0.3
0,5--0,7 AB,, 0,010 0,030 0,046 | 0,058 0,068
0,61 0, 0,03 0,10 0,15 0,19 0.23
0,7—1,2 AB, 0,009 0,027 0,046 | 0,064 0,079
0.9 0;, 0,02 0,06 0,10 0.14 0.18
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Fig. 2. Dependence of the effective absorption capability of
cirrus and cirrocumulus clouds upon their water reserve
and thickness.

1- experimental points; 2~ averages from five cases;
3- curve constructed according to experimental data;
4- the same, according to formula (13).

The dependence of the absorption factor k (k is the
P,y DMy

absorption factor calculated per unit of water reserve mw) and the /gq
effective absorption capability bef upon the water supply in the

cloud, in agreement with Fig. 2, may be presented by the following
formulas:

/fp.mw = (41 ;/"l?; hef =1 l-"“'""/m—"'. ()

It is interesting to note that in this case
K m, = bim, — S,
where kmw and omw were obtained from formulas (12).

If we know the magnitude of b¥*, we may determine the radiation
influx of heat to the cloud layer due to short-wave radiation. For
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this we need information concerning the radiation arriving at the
uoper boundary of the cloud, as presented in Table 4. This table
contains the_averaged data from measurements of the fluxes

Q, in cal/cm2 min, in a clear sky over an aircraft, and the quanti- /7

ties corresponding to z = 0, taken according to observations at

Kiev in 1962-1964, Assuming that on the average the upper boundary
of the clouds is located at a level of 1 km and using the data from
Tables 3 and 4, it is easy to determine the radiation absorbed by

clouds of different thickness H and the corresponding rate eﬁ of

radiation heating as a function of h@. These quantities are pre-

sented in Table 5.

TABLE 6
Lati-H Thickness, m
tude | Month i
175 26 K hS

dega G0 350 450 | f10 ' 00
Oct. 1,3 1,7 1,6 1.2 0,8 0,5

Nov. 0,8 Uo7 0,7 0,5 0,3 0,2

Dec. 0,5 0,4 04 0.3 0,2 0.1

55 Jan. 0.6 0,6 0,5 0,4 0,2 0,1
Feb. 1.3 1.2 1.1 0,8 0.6 0.4
March 2,6 2.6 2,3 1,7 1.2 "8
April 3.6 4,1 3.5 2.6 1,7 1,2

Oct. 2,3 2,2 1,9 1,4 1.0 0,6

Nov. 1.3 1,1 14 0,8 0,5 0,3

Dec. 0,8 0,8 0,7 0,5 0.3 0,2

50 Jan. 1,0 0.9 0.8 U6 U4 0,3
Feb. 1,8 1,7 1,6 1,2 0,8 0,5
March 2.8 3,0 2.6 1.9 1.3 0,9
April 3.7 4,3 A, 2.8 1.8 1.3

Oct. 2,6 2.8 2,4 1,8 1,2 0.8

Nov. 1,7 1,6 1,5 11 0,7 0,5

Dec. 1,2 1.1 1,0 0.8 0,5 0.3

45 Jan. 1,4 1,3 1,2 0.9 0,6 0,4
Feb. 2,3 2,2 1,9 1,4 1,0 0,7
March 3.0 3,4 2,9 2,2 1,5 1,0
April 3.8 4,5 3.9 2,9 2,0 1,4
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One of the shortcomings of the majorityof the work
previously performed [10, 13, 17, and others] is the fact
that in them information concerning the radiation heating of
the clouds is given for individual moments of time. For many
problems in the physics of the atmosphere, such data are
needed for definite intervals of time (day, 24-hour period,
ete.). Since AB; and 6¥*¥, as follows from Table 5, essentially

depend upon ho, the fragmentary information concerning these

quantities given in the works indicated above describes the
process of radiation heating of the cloud inadequately comp-

letely. The dependence of ABﬁ upon ho obtained can be used

for determining the influx of radiation heat to the cloud in

a 24-hour period, and then for calculating the diurnal magni-
tude of radiation heating. In Table 6 these quantities are
given in degrees per 24 hour period for single-layer St and

Sc clouds of various thickness in the cold season of the year.
The data from this table are tentative. In spite of this,
they can be used to judge the heating of low stratoform clouds
by the sun in the cold season of the year 1n various geograph-
ical regions.
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AVERAGE VERTICAL STRUCTURE OF THE FIELD OF
SHORT-WAVE RADIATION IN STRATOFORM St AND Sc CLOUD COVER

N. I. Goysa and V. M. Shoshin

Analysis of the material of radiation measurements demonstrates
that even in the simplest cases of one-layer clouds the radiation
field is variable to a considerable degree, especially within the
cloud layer. In this case, random errors of measurement are super-
imposed upon the true vertical distribution of radiation fluxes,
and especially that of influxes. In order to free ourselves from
this, and also in order to ascertain the most characteristic fea-
tures of the vertical structure of the radiation field, it is neces-
sary to average the results of individual measurements. For this
purpose, an experimental model of an "average" stratoform cloud was
constructed according to 25 cases of actinometric sounding, in con-
ditions of a clear sky, above a layer of St or Sc.

In the drawing the vertical profiles of various characteris-
‘ties of the "average" c%oud are given. Its basic parameters are:
H = 400 m, m. = 72 g/cm< [sic]l, average temperature -3.9°C, position
of upper boundary z g = 830 m above the earth's surface. The
methodology of the construction of profiles of the temperature, the
relative humidity of the air, and the water content (absolute humid-
ity) in the "average" cloud is explained in [17].

In the construction of the profiles of short-wave fluxes, con-
siderable difficulties arise associated with the necessity of the
consideration of the effect of the altitude h@ of the sun and the

albedo AZ of the underlying surface. The first may be avoided to

a considerable degree if we do not operate with absolute values of
the fluxes, but with their relative characteristics: o, Ak, b.

Although these quantities, as demonstrated in [2], depend upon hg
to a certain degree, for h@ > 15° this dependence may be ignored
in the first approximation.
The effect of the albedo of the earth's surface may be ex- /7
cluded by using the "true" values of A; and ¢¥. 1In [2] the metho- —=

dology of their determination for the cloud as a whole is described,
because of which expressions were obtained for the "true" values
of the albedo and transm1581on for cloud layers (z ? z) and

(z, z.. g) at Zn.g < z < Z, o
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Experimental model of the "average" stratoform cloud.

ﬂ 1 1 1 1 1t I. AI; > —
A .}J W 0 50 77 40 9 A%
N 2 1 s A
7 g7 g7wpm® W & IR % 258 ﬁ%k-ﬂ cm3 -min

t°- the air temperature; U- the relative humidity; g- the specifiec
humidity; w- the water content of the cloud; Ak i and Q ~ the al-

bedo and transparency or transmission of the cloud i=1 corresponds
to A =0; i=2 corresponds to AZ—2O% i=3 to A, =40%; i=U4 to A, =60%;

i=5 to AZ=75%; i=6 to AZ=85%; B is the radiation balance; E_o
the effective radiation; Bk is the balance of short-wave radiation;
AEef/Az, ABk/Az, and AB/Az represent the radiation inputs of heat

(1- long-wave; 2- short-wave; 3- total).

is
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‘Here A and A¥ are the measured and "true" wvalues
>“n.g Zs n.g
of the albedo of the cloud layer (z s Z)3 & and ¢ *
A n.g Z. g,z v.g
are the measured and "true" vyaiuyes of the relative transmission.
by the cloud layer (z, z, g); J is the relative transmission
¢ ’"n.g
of the cloud layer (zn g’ z). We note that the ratio«pz 2 =
) ’“n.g
@/@Z z Occurs where ¢ 1is the measured value of the relative
v.g?
transmission for the entire cloud; A; z is the "true" albedo
v.g?
of the cloud layer (z, z, g).

Characteristics of the absorbing capability of the "average"
cloud designated as b and bef were determined both for the entire clouf
g’ z) = (bZv 557 and bef,zv g,Z). For de-
termination of the two latter quantities, the following formulas
were used:

and for the layers (zv

blv.g- = (1— 4) — d’-’v.g- (11— 4, zn.E)’
b

v.e Z

(4)

Btz gz = o A4
A— A |14 D2l e (5)
k t— A d,
The quantities Ag z and ¢; ,> Obtained according to formulas
’"n.g v.g?

(1) and (2) for each case of sounding, were then averaged by means

of construction of the curves of their dependence upon the absolute /7y

humidity w of the corresponding layers of the cloud. The values -

of K; 2 and.fg' for the "average" cloud were taken from this
*“n.g v.g’

curve 1in accordance with the absolute humidity of the relative

layers (Zv.g’ z) and (z, Zn.g)
From Table 1, where the quantities Kg . and Eg > are
’"n.g v.g?
given, 1t 1s apparent that the "average" stratoform cloud at A. = 0O

attenuates the flux falling on 1ts upper boundary by 81%, and 41% falls
to the share of the first 100-meter layer. The magnitudes of‘¢;

Zz
v.g’
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in individual cases are subject to consliderable osclllations, es-
pecially in thin layers. Such osclllations are explained by the
variability of the absolute humidity and the microstructure of
the cloud layers, and also by shortcomings in the methodology of
the measurements.

'According to the average values of the albedo and the trans-
mission function, the magnitudes of b and b were
zv.g,z ef,zv.g,z
determined, which are also given in Table 1. It is apparent that
the "average" cloud at A, = 0 absorbs 7.2% of the solar radiation

falling on its upper boundary and 27.2% of the radiation entering
the cloud. In the upper 100-meter layer 37.5% of the radlation 1is
absorbed, out of that absorbed by the entire "average" cloud.

TABLE 1
z, m from ¥ “
upper Zv.g.02 " - N .
‘ & & ! . il
boundary av max min » . N . & ’; -
s © < | T:,ﬁ ) 8
Utper |
; 1,00 0,49 | 0,74 (24)
boundazy 0,59 (50) | 0,88 0,31 | 033 0,60(24) [0,60]| 0,027 0,042
200 | 0.40(46) |0,67 0,19 | 849 | 0,45(38) |0.69 | 0,048| 0,121
300 | 0,2637) |0.42]042] 0,231 #2BES §0.72 | 0,062] 0,203
500 | 0,49 24y | 0,34 0,10 0,74 | 0,072{ 0,272

Note: The numbers in the parentheses signify the number of cases
used 1in averaging.

For a description of the radiation regime of the layer over
the cloud, an averaged profile of the albedo in this layer was
constructed. From the drawing glven it follows that over the
"average" cloud the albedo decreases with altitude by 2%, on the
average, for each kilometer of thickness in accordance with re-
sults of [2]. By using the data concerninz the vertical profille
of the albedo (see the drawing) and the data concerning the in-
tensity of the downward flow of solar radilation [2], 1t is easy
to determine the profile of the balance Bk and the absorbed ABk

solar radiation (in cal/cm2 min) in the layer over the cloud for
various values of h@ and A_. = 0. These data are presented in

Table 2, from which it is apparent that 1n the layer above the
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cloud the radiation influx depends strongly upon h@, increasing
with the rising of the sun over the horizon.

TABLE 2

~N

Sym- Altitude of sun
Levels, m — =

bols 10 15 m 20 w0 0
Above upper boundary n, | oons [ o | oz ] ogas | 0,247 | 0,208
2000 I 0,064 | 0,102 | 0,439 | 0244 | 0,276 | 0,333
3000 B, | 0,075 | 0,116 | 0,157 | 0,234 | 0,306 | v,367
Upper boundary-2000 | AR, 0,009 { 0,012 | 0,015 | 0,023 | 0,629 | v,038
2000-3000 A [ o010 ous | o018 | 0oz | 0000 | oo
In the entire -layer Al 0,019 | 0,026 1 0,033 | 0,046 | 0,050 ) 0,072
over the cloud

In the drawing, aside from the relative characteristics, verti-
cal profiles of the magnitudes of Bk’ effective radiation Eef’

radiation balance B and radiation influx due to short-wave radia-
tion ABk and due to long-wave radiation ABd are presented, and also

their sum B. These profiles were constructed under the assumption
that Q(z, g) = 1.00 cal/cm? min (which corresponds to hg of about

40°). These profiles demonstrate that the absorption of solar
radiation occurs in the entire thickness of the cloud, and 14% of
all the radiation absorbed by the cloud falls to the share of the

lowest 100-meter layer.

The case of A3 = 0 was considered above.

The quantities ¢ and A for real conditions (A,#0)
Zv.g’z 25 n.g 3
may be determined according to their values at A3 = 0 by solving

system of equations (1)-(3). In Table 3 the values of AZ ” and
’n.g
) are given for various values of z (z <z <z ) and,
Zy.g?? n.g v.g
as a whole for the cloud, as a function of A3. At Q(zv g) = 1.00

2 . . .
cal/cm” min, with an increase in A3, AZ ” increases, as

>“n.g

96



does & The albedo

z of the lower layer increases

. A
'v.g’z 300-n.g

most. The variation of A, affects the magnitude of Av.g—n.g
considerably more weakly; ®v.g—n.g undergo appreciable changes
and ¢z’zn glesser changes at < Zv.g'
A3 has an appreciable effect on the vertical distribution of
sz.g’z and AZ’Zn.g (see the drawing). The vertical profile of

o) does not change qualitatively in this variation, but the

Z Z
v.g?
quantitative changes are very significant. The profile of the

albedo varies even more. From the drawing it is apparent

that at large values of A3 onside the cloud a decrease in

A may be observed. The behavior of A at A, # 0 agrees
Z,2, Z’Zn.g 3

well with the data from specific measurements [3].

In real conditions (A3 # 0) the absorption by the "average" /77
cloud must increase as a consequence of the additional absorption
of radiation reflected from the earth's surface. The ratlo ABk/

AB may serve as a characteristic of additional absorption

k,0
(the subscript "zero" corresponds to A = 0). The radiation char-
acteristics of the layers (zn g’ z) and (zV g’ z) in the model of
an average cloud at various values of A3 and at QZ = 1,00 cal

V.g
per cm2 nin are given in Table 3. From this table it follows that
the cloud located over a surface wlth A3 = 75% (clean snow) must

absorb approximately 30% more of the solar radiation than the same
cloud located over a surface without snow (A3 ~ 12-18%).

With an increase in A% the contribution of the individual

parts of the cloud to the total absorption also changes somewhat:
the contribution of the lower half of the cloud, due to absorption
of reflected radiation, increases somewhat (by 3-4%) and the con-
tribution of the upper half decreases accordingly.

The absorption capability b increases from 0.072 (A3 = 0) to
0.105 (A3 = 0.85) with an increase of Ag (Table 3), although the
properties of the clouds do not change. At the same time the

<.
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Table 3

S — /16
zﬁmlmviwg_) . 1 Albedo of earth's surface
inm Quantities 0,00 0,20 " 0,40 ) 0,60 0,7 0,5_5—

Ao, 10 g 0,005 | 0,616 1 0,602 | 0,708 | 0,75 | 0,804
P 0,587 | 0,598 | 0,618 ] 0,650 | 0,689 | 0,728
100 AL, 0,027 | 0,028 [ 0,030 | 0,082 | 0,084 | 0,087
AIIK/AHH' N 1,00 1,000 1,1 1,18 1,26 1,37
AB AR eTloud | OV | 0 [ 0866 | 008 10,308 o2
20, 2ag AR5 [ 0500 [ 0570 | 0660 | 0,745 [ 0,810
g . 200 0,397 | 0,4217] 0,451 | 0,501 | 0,560 | 0,609
200 AB, 0,020 | o2t | 0,022 ] 0,023 0,025 | 0,029
AB B, 1,00 | 1,00 | 1,05 | 1,00 [ 1,19 | 1,38
AB /AB, 0,202 | 0,280 | 0,268 | 0,264 | 0,263 | 0,176
' ¢cloud I R
Ao, ng 0,232 | 0,346 | 0,471 ] 0,611 | 0,740 | 0,830
Poyg 0,265 | 0,293 | 0,333 | 0,396 | 0,465 | 0,550
300 AL, 0014 | 0,015 | 0,017 | 0,019 | 0,022 | 0,023
AB /AB, 1,00 | 1,07 | 1,24 | 1,36 | 1,57 | 1,64
AB /AB, cloud| 0,194 | 0,200 | 0,207 | 0,218 | 0,230 | 0,219
AB, 0,010 [ 0,011 | 0,013 0,013 | 0,014 | 0,016
400 AB /BB, 1,00 | 1,40 | 1,30 | 1,30 | 1,40 [1,60
AL BB, 0,439 | 0,447 | 0,459 | 0,150 | 0,149 | 0,153
cloud i
A, 0,735 | 07451 0,700 1 0,775 | 0,798 | (1,818
Entire ) 0,93 | 0,227 ( 0,271 | 0,345 | 0,430 | 0,515
cloud AB, 0,072 | 0,075 | 0,082 | 0,087 | 0,095 | 0,105
AB /AB oigug| 109 | 104 | 1,42 | 1,20 | 132 | 1,46
b 0,072 | 0,075 | 0,082 | 0,087 | 0,09 | 0,105
bog 0.272 | 0,274 | 0,272 | 0,271 | 0,271 | 0,273

/76

magnitude of bef remains unchanged and equal to 27.2%. These ~—

quantities b and bef are close to the average values given in (217,

and also to the data obtained by N. I. Chel'tsov [4] and by
Neiburger [5].
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ITI. TURBULENT AND RADIANT HEAT TRANSFER |
IN THE BOUNDARY LAYER OF THE ATMOSPHERE f

ON THE CLOSING OF THE EQUATION OF HEAT INFLUX /
IN THE BOUNDARY LAYER OF THE ATMOSPHERE ,
(According to Experimental Data) ('

L. R. Tsvang

The processes of heating and cooling of the boundary layer.of /78
the atmosphere are determined by a number of factors, playing a -
greater or lesser role in various synoptical situations, or over
various types of underlying surface. In order to estimate the
role of the various factors in these processes it is advisable to
investigate the total equation of heat influx for the layer, whﬂch
may be written in the following form: N

ar ol el owI'\ A !
Cp!’< - +W+7>—T - 0. (1)

at 'odr

Here T 1s the potential temperature of the air; u, v, and w are the
longitudinal (along the x axis), transverse (along the y axis),

and vertical (along the z axis) ,components of the wind velocity,
respectively; B 1s the radiation balance; Q is the influx of heat
in the layer due to the phase transitions; Cp i1s the specific heat

content of the air at a constant pressure; and p is the density of
the atmosphere.

Having presented the momentary values of the temperature and
the components of the wind velocity as the sum of their average
values and pulsations relative to this average and making the op-
eration of averaging in equation (1), we obtain

_ ar | au'l’ | de'l” gl 1 B ___6_.
- 4-

T Pt .
- Ll s S PR (2)

.
ot ot

Jx dr dy

Here the bar over a symbol signifies the averaging in time (or in
space) and the prime signs the pulsations of the corresponding
components of the wind velocity or temperature relative to their
average values. In the transition from (1) to (2), the following
expressions were used:

.?l_*_—i-:;—-l——(zu;:(), ;}=2:O and ="= —3 =O.
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Simultaneous measurements of all the terms entering into equation
(2) in the selected layer of the atmosphere make it possible to
estimate the role of each of them in the heating of the given
layer.

|

. By investigating the transformation of the terms of the equa- /79
tioﬂ of influx of heat over various types of underlying surface as —
a function of altitude and under various synoptic conditions, we ob-
tain data concerning the mechanism of heat transfer making it pos-
sible to check the theoretical models of thls mechanism. A number

of works have been devoted to this problem, which were performed

in the Department of Atmospheric Turbulence of the IFA in recent

years [1-3].

. In our measurements, not all the seven terms entering into
equation (2) were determined. In the layer of air at altitudes
from 1 to 500 m, where no phase transitions of the moisture occur,
the last term in the righthand part of equation (2) may be ignored.
We may also assume that the item 9v'T'/3y, representing turbulent
heat transfer in a direction perpendicular to the average transfer,
will be equal to zero because of the symmetry of the motions of
the air relative to the average wind direction. The term Ju'T'/9oX,
determining the divergence of the horizontal turbulence of the
heat flux, was not measured. We assumed that in any case it must
be considerably less thar the heat advection defined at u(dT/9x).
In the future, however, 1t is desirable to check this assumption
experimentally.

Considering the assumptions expressed here, equation (2) may
be written in the form

aT _arT T 1t an
o e T T (3)

The measurements of three of the four terms entering into equa-
tion (3) (the advective heat influx was not measured) at first were
performed in the surface layer of the atmosphere at altitudes of
1 and 4 m from the surface of the earth [1]. These measurements
were conducted by means of an acoustic anemometer (vertical pulsa-
tions of the wind velocity w'), a resistance thermometer (pulsa-
tions of the temperature T'), and an electron multiplier
making it possible to obtailn the average values of the product
Ww'T' in a period of 100 s directly in the process of measurements.
The radiation balance was measured by means of the radiation thermo-
elements designed by B. P. Kozyrev,
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The entire set of pickups was installed alternately at two
altitudes, at each of which the measurements were performed for

10-15 min.

The results of the measurements demonstrated that in the
majority of cases the balance with respect to the sum of the three
items in equation (3) did not close. As a rule, an appreciable cool-
ing of the 1-4 m layer due to turbulence was observed. An estimate
was made of the possible role of the advective term. It turned out
that at the average wind velocity observed during the measurements
is sufficient to have horizontal temperature gradients 3T/ox of
the order of 0.1° C/100 m, In order to compensate for the role of
turbulent heat transfer in (3) and to close the equation of heat /80
influx. Gradients 3T/3x of such.an order of magnitude or more
were found by Rider and his associates and are described in [4].

I'ne measurements of radiation heat influxes conducted simultaneous-
ly with measurements of turbulent influxes demonstrated that due to
long~wave and short-wave components of radiation, the surface layer
of the air in summer, in the daytime, was considerably heated. How-
ever, the inadequate accuracy of the measurements by means of radi-
ation thermoelements did not make it possible to reach a reliable
Judgement of the relative role of radiation in heating of the sur-

face layer of the air.

In 1966 measurements were made of the heat influx in the layer
from 50-500 m from onboard an aircraft [2]. In these measurements
all four terms in eq. (3) were determined. The apparatus and metho-
dology of the measurements in [2] are analogous to those which were
used in [1]. For consideration of the natural motions of the air-
craft, corrections were introduced into the output signal of the
acoustic anemometer directly in the process of measurement, and
these corrections considered the vertical movements of the alrcraft
and the variations of its pitch angle. The measurements were con-
ducted in summer 1n conditions of well-developed convection in
flights over the steppe and over the sea.

Analysis of the results of the measurements demonstrated that
in the conditions indicated, in the boundary layer of the atmos-
sphere the turbulent, radiation, and advective heat influxes have

the same order of magnitude.

In this case the necessity of increasing the accuracy of meas-
urement of turbulent, radlation, and horizontal heat influxes from
onboard an aircraft was ascertained. For this purpose, the follow-
ing cycle of works was performed:

1. On measurements of the vertical turbulent heat flux.
The vertical turbulent heat flux a, 1s determined
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by the relation

q, = C ow'T". )

Immediately questions arise concerning the necessary time (or dis-
tance) and concerning the averaging scale. The answer to these
questions may be obtalned by performing measurements of the spectra
of the turbulent heat fluxes FwT’ which are the real part of the

Fourier transform of the mutual correlation function RWT(T):

Fyr (0) = %‘- S Ryt (7) cos @t dT, (5)

where
Ryr(¥) == w(t), T (¢ + )

For measurements of the spectrum of heat fluxes a multi-channel
magnetic recording apparatus and a system for reproduction and
analog processing of the results of the measurements were developed

[31.

—
|O
o
0w
P Fig. 1. Averaged spectra of
E 251 turbulent heat fluxes for various
- altitudes.
a L- dimension of the heterogenei-
©n ties, in m (L=u/f, where f is
iy the frequency of the pulsations
— recorded, u is the speed of the
59 alrecraft); the digits at the
by curves designate the altitudes
1 over the surface of the earth to
s which the data obtained refer.
=
<

R
-

The measurements of the spectra of heat fluxes were performed
on a mast and on a tower at altitudes from 2.5 to 37 m in 1967 [5]
and from onboard an alrcraft at altitudes from 50 to 1000 m from
the surface of the earth in 1967 and 1968 [3]. All the measure-
ments were conducted in the summer season of the year, by day, in
conditions of well-developed convection in the steppe reglons of
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the country. In Fig, 1 the spectra of the turbulent heat fluxes,
averaged for various altitudes, on a scale FwT(L) x L are presented

(along the abscissa axis the logarithms of L are plotted). Here
L = 2mu/w (u is the speed of the aircraft) is the dimension of the
turbulent heterogeneities, in meters. The presentation of the
spectra of turbulent fluxes in such scales is clearest, since in
this case the area under the curve determines the total quantity
of heat transferred by the turbulent pulsations.

According to data from measurements it turned out to be pos-
sible to make the following conclusions: beginning from the surface
layer up to altitudes of 500 m from the surface of the earth the
spectra of turbulent heat fluxes have a clearly expressed maximum
and drop practically to zero both in the region of large and in -
the region of small scales. Thus, the presentation of the total
turbulent heat flux as the integral with respect to the spectrum.

FWT(L)
- > \ 1",0 14 dL = (' " \ I;'w [1 Ldl [1
Q"CM% (1) M} r (L) n (6)-

0

has a definite meaning, since the integral in (6) converges.

However, the behavior of the function Fup(L) % L in the region /82
of scales greater than a few kilometers is unknown. Thus, in the -
spectrum measured at an altitude of 1 km at scales of heterogeneity
greater than a few kilometers, values of‘FwT(L) x I, are observed

that differ from zero (Fig. 1). For purposes of identification of
the results of the measurements conducted by various authors by
means of apparatus that varied in characteristics, it is proposed
(see [3]) to determine the turbulent heat flux as the flux created
by pulsations with scales extending from the Kolmogorov.microscale
to scales corresponding to the break in the spectrum of FwT(L) x L.

For turbulent heat fluxes defined in such a manner, the bound-
ary dimensions of the heterogeneities (Lmin and Lmax) were found,

within the 1limits of which the basic contribution to turbulent heat
transfer is accomplished (90% of the general turbulent heat flux).
These data, presented in Fig. 2, make it possible to determine the
necessary frequency characteristics of the measuring apparatus and
the averaging time in the measurement of turbulent heat fluxes at
altitudes up to 500 m above the surface of the earth. We should
emphasize that in direct measurements of the total heat fluxes

[not determined from the spectra of FWT’ but in accordance with (4)]
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000 Fig. 2. Dependence of the dimen-

sions of turbulent heterogeneities
making the basic contribution to
turbulent heat transfer upon
altitude.

Lmin and Lmax are the boundary

dimensions of these heterogenei-
ties, within the limits of which
90% of the energy of the turbulent
heat flux is included.

N
k7N

Vi

afl
- -

4 200 w“wh  am

it is necessary to limit the frequency range of the .pulsations be-
ing measured in the low-frequency region by a magnitude close to

w = (u-2ﬂ/Lmax). Otherwise, an indefinite error may be introduced

into the results of the measurements due to random medium-scale
fluctuations.

2. On measurements of the radiation heat influx.
For the purpose of increasing the accuracy of measurements of the
radiation balance, at the Institute of the Physics of the Atmo-
sphere, a modulation balance gauge was developed making 1t possible
to measure the balance in two spectral regions: short-wave (A = /8
= 0.3-3 microns) and long-wave (A = 3-40 microns) [6]. -

The modulation balance gauge successfully passed its test in
field conditions in 1969.

3. On measurements of the horizontal heat influx.
It is determined both by the advective term U(0T/dx), and by the

divergence of the horizontal turbulent heat flux, su'T'/3dx. For
measurement of the magnitude u'T' an aircraft hot-wire anemometer

was developed and tested, by means of which the first measurements of
the spectra Fuu were conducted, i.e., pulsations of the horizontal

component of the wind velocity, and the spectra Fuw’ of the turbu-

lent fluxes of momentum.

After completion of the works listed with respect to improve-
ment of the methodology of measurements of the individual terms enter-
ing into equation (3), investigations of the heating mechanism of
the boundary layer of the atmosphere and the closing of the equa-
tion of heat influx for this purposes will be continued.
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DETERMINATION OF THE RADIATION HEAT FLUX
IN THE BOUNDARY LAYER OF THE ATMOSPHERE

V. D. Oppengeym and G. P. Faraponova

In this work certain results of the measurements of fluxes of /84
short-wave and long-wave radiation in the boundary layer of the
atmosphere (0.05-1.5 km) are given. Measurements of the fluxes
were conducted by means of radiation thermoelements designed by
V. P, Kozyrev '(RTE) on an LI-2 aircraft in the summer period (July-
August) in three regions of the Soviet Union: above the steppe in
the vicinity of the city of Tsimlyansk and the city of Dneprope-
trovsk and over the sea in the vicinity of the city of Gelendzhik.
Actinometric measurements were made at altitudes of 50-70, 100-150,
250-300, 500, 750, 1000, and 1500 meters. For determination of the
radiation heat influx, data obtained at hours near noon in cloudless
weather were used (the presence of cloud cover of up to 2-3 on

a scale of 10 on the sunlit side was assumed), and also by
night.

The results of the work performed are described in detail in
ref. [1].

According to the experimental data the vertical profiles of
the short-wave radiation flux Q, Dt were constructed, as well as
those of the long-wave radiation flux F¥, F4+, and also profiles of
the effective radiation F.

Q

‘2 g5
‘% Dependence of the absorption of
g B s

E‘ ) | Aﬂc@i/cmzminlong wave r?dlatlon, ABd upon

o 205 an 475 the absorption ABk of short-wave
% \5Q\ radiation.

a0
B-gss L
1

The radiation heat influx AB in the layer (zlg 22) was deter-
mined as the sum of influxes of short-wave radiation, ABk = Bk(zg) -
- Bk(zl) and long-wave radiation, ABj = Bd(zz) - Bd(zl). According

to these data, the radiation variations of the temperature due to
short-wave and long-wave radiation were calculated separately, and
also the magnitudes of total radiation heating. The latter, in the
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Steppé in vicinity of | Steppe in vicinity of Black Sea near
Tsimlyansk Dnepropetrovsk Gelendzhik
Date ABy ABy l AB Date : ABg4 AD Date aB. | Ang ; AB
Day
7/30/65 | 0,035 0049 | 0,08 | T/29/66 | 0,072 | 0,021} 0,003) 7/18/66 0,121 —0.m7 0,104
8/01/65 | 0030 | 0,062 0,072| 7/30/66 | 0,061 | 0,008 0,067 | 7/21/66 | 0.437] —0.001] 0,07
8/02/65 | 0,038| 0,023] 0,000 | 7/31/66 | 0,087 | 0,012 0099 | 7/22/66 1 ¢,107| —0.035 0,072
8/08/66 | 0,418 | —0,018] 0,102
A , .8/14/66 | 0,431 | —0,016| v,115
megzi ?fg 0,034 1 0,038 0,072 0,00 | 4:0,001] 0,095 0,221 —0,038 0,084
ABy (1.0) ogjte] 0% 0,019 | 0.0
AB, 1,54 } 5,0 KX
ABH(H:O) ' '
[ |
Night
8/4-5/65 ~0,033 7/29/66 —0,046 7/23-24y —0,078
8/05/65 —0,036 66
Average -0,034 8/14/66 -0,051 7/2U/66 —0.427
measured * --0,048 - 0,102




noontime hours over the steppe, according to data from the measure-
ments, did not exceed 0.4 degree/hr, and radiation cooling in the
nighttime hours was -0.1 to 0.2 degree/hr. Radiation heating

over the sea (0.2-0.3 degree/hr) in the noontime hours with respect
to absolute value, was close to the magnitude of total radiation
cooling.

It was observed that above the steppe in the noontime hours at
a small degree of turbidity (pollution) of the atmsophere, up to a
level of 1-1.5 km, due to absorption of long-wave radiation, radi-
ation heating of the air may be observed, the magnitude of which
is comparable with heating due to short-wave radiation. In this
case it was noted that at small values of AB, the influx AByg is
positive (see drawing). With an increase in ABk, the magnitude of

ABd decreased to zero, and then changed its sign. Apparently, the

heating of the atmosphere due to absorption of long-wave radiation,
"which was observed at a small degree of pollution (a small value of
ABk) was caused by the strong superheating of the soill relative to

the air, regulated by the content of aerosols in the atmosphere.
By night cooling of the air was always observed. The data of the
variations of the radiation balance in the 50-1000 m layer are
given in the table, in caloriles per cm? per minute.

According to F. Moeller's formula, the absorption of short-
wave radiation by water vapor was calculated (ABk(H20)>‘ It turned
out that in all the cases considered ABk > ABk(HZO)’ and the ratio
ABk/ABk(HZO) varied within 1limits from 1.5 to 5.0, increasing with

an increase in the pollution of the atmosphere in the region being
investigated. The results obtained indicate the considerable role
of the atmospheric aerosol in the process of absorption of short-

wave radiation.

In estimation of the results we should bear in mind the fact
that the observed variations of ABk in a number of cases turned out

to be comparable with instrumental and methodological errors of
measurement, which indicates the necessity of the continuation of
these works with more accurate measurements of the radiation fluxes.
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IV. STATISTICAL STRUCTURE OF RADIATION FIELDS IN CLOUDS

SOME PROBLEMS OF THE METHODOLOGY OF MEASUREMENT
OF AVERAGE FLUXES OF SHORT-WAVE RADIATION IN CLOUD COVER

Yu. R. Mullamaa, V. K. Pyldmaa, and M. A. Sulev

The majority of the phenomena of nature should be considered /87
as random in space and in time. For investigation of any sort of
characteristics of these processes or thelr interrelationships,
the accumulation of an enormous amount of experimental materilal
is required. But, on the other hand, if we note certain charac-
teristics of the phenomenon 1in advance or have made certain assump-
tions concerning them, we may, by depending on the laws of mathe-
matical statistics, set up experiments in a more reasoned manner,
save time and funds necessary for obtaining the information of in-
terest, and 2lso estimate the accuracy and reliability of the re-
sults obtained. It 1s precisely from this standpoint that in this
article certain problems of the methodology of measurement of aver-
age fluxes of short-wave radiation (in terms of mathematical sta-
tistics, estimates of mathematical expectation) are considered.

All the ratios explained below are general and applicable for any
random process if we assume that it is steady-state [1]. For an
example, and for purposes of obtaining certain quantitative estili-
mates, specific results of ground and aircraft measurements of the
variability of the field of short-wave radiation were used [3],
[(IV.17; IV.19; IV.22].

In measurements of natural processes, one report taken sepa-
rately is random in nature; to obtain reliable information, a cer-
tain averaging is required. Obtaining an accurate average (mathe-
matical expectation) of a random function is practically impossible,
and therefore, instead of it, an estimate of it 1s used, which, with
a specific method of processing the material, is calculated accord-
ing to the formula

D=t (1)

where ¢ is the average radiation flux; vy is the magnitude of the

flux in the i1-th reading; M is the number of successive readings
used to obtailn the average. The dispersion of the average, with
M successive readings, as 1s well-known [1,2], is determined by

N
@
oo
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. ) M (2)
T e |12 3 (=], | |

where o? is the dispersion of the total series €33 A is the intér-

val between adjacent readings: r(kA) is the standardized autocorrela-
tion function. In Fig. 1 examples of the variation of the square

root of the dispersion of the average radiation flux, g, as a func-

tion of the averaging scale are presented. The quantities entering
into formula (2) were taken from specific measurements and the auto-
correlation functions were approximated by an exponential function

of the form r(kA) = e—akA. In Fig. 2 the fluctuation of the variabi-

1i+y factor Y% =-05/® of the average for the same cases 1s given.

Fig. 1. Mean square deviations oz of average fluxes as a function
of the averaging scale.
a- averaging with respect to space (aircraft measurements);
1- flight over clouds 8-10 Sc; 2- flight under clouds
10 Cu fr. Sc; I- descending fluxes; II- ascending fluxes;
b—- averaging with respect to time (ground measurements);
1- 10 St fr.; 2- 9 Cu.

Frequently in the statement of the experiment 1t is reguired
that we determine the necessary averaging scale to obtain an aver-
age with the assigned accuracy. In this case, 1t 1is advisable to
use the concept of the confidence interval

(By— 8By; Do+ 8Dl
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As is well known, the interval where with a probability B the un-
known parameter, such as ®, for example, is found, is called the
confidence interval. In the first approximation, considering the /8
distribution of the deviations of the estimates of the average ¢, —

M
from the true T to be normal, we obtain [1]
8Dy (B) = 53, arg erf B, (3)

where arg erf B is such a value of the argument of the integral of
probability at which the latter is equal to B. Having assumed the
maximum permissible error of the average flux cﬁm and the probability

B with which the result of the averaging must have an error less
than UEM, we may determine the necessary averaging scale for per-

formance of (3) with respect to the variation of GEM with an averag-
ing scale M. i

I b
V4 40 80 X, km 27 vy min

Fig. 2. Variability factors Vg of the average fluxes as a function
of the averaging scale.
a- averaging with respect to space: 1- flight over clouds
8-10 Sc; 2~ flight under clouds 10 Cu fr. Sc; I- descend-
ing fluxes; II- ascending fluxes; b- averaging with respect
to time: 1- 10 St fr.; 2- 9 Cu.

For the quantitative estimates of the effect of the averaging
scale on the accuracy of the results, we may use the so-called ef-
ficiency index, representing the ratio of the dispersion of the
average to the dispersion of the random function under considera-

tion, ke = 0%/0%. The quantity which is the reciprocal of 1it, Ne -
= l/ke is called the effective number of measurements and demon-

strates how many specific independent measurements are needed to
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achieve the same accuracy as in the mean arithmetical method of
processing. The condition of independence requires that the inter-
val between adjacent measurements with respect to time or in space
be greater than the argument of the autocorrelation function at
which the latter becomes practically equal to zero. In Fig. 3 the
efficiency index ke is represented, with a scale of the effective

number of measurements corresponding to the averaging scale indi-
cated on the abscissa axis.

/90
HNos  Keas B
77
i b
—_—
-—7
245
>~
&l“ - ) - - .
4 80%x, k11 20 47 7.min

Fig. 3. Efficiency index ke with the scale of the effective

number of measurements, Ne and the averaging scale

corresponding to it.
a- averaging with respect to space; 1- flight over clouds

8-10 Sc; 2~ flight under clouds 10 Cu fr. Sc; 3- flight
through summit of Ac layer; I- descending flows; II-.as-
cending flows; b- averaging with respect to time: 1- 10
St fr; 2- 9 Cu.

At a given averaging scale the efficlency of the estimate of
the average depends upon the interval between readings or upon the
number of readings in an averaging segment. With an increase in
the number of readings the accuracy of averaging at first increases
rapidly, and tnen slower and slower, and finally becomes almost
constant. Therefore, to facilitate the processing of numerous
measurements it is advisable to determine the so-called optimum
step, i.e., the interval between readings, a further decrease of
which does not lead to a noticeable increase in the accuracy of results
Its value, Aoot’ may be determined 1in approximation according to

[1] from the relation

%r(A(‘)apt\)_’g—ruont):—;—- (4)
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In statistical analysis, aside from the average value of radi-
ation fluxes, a determination of dispersion and correlation function
is required, and also an estimate of the accuracy of their averaging.
In the practical proce351ng of recordings of radiation fluxes the

dispersion estimates o¢ and the autocorrelation function r(Ak) are

calculated according to the following formulas [1]:

(5)

o

-— 1 ‘ .——_-2
«o—mé (@: — D)?,

M-k

r(kA) = (M Z‘, (@ — D) (Pusx — D). (6)
Q

To ascertain the accuracy of the estimates of the dispersion and

tge autocgrrelation function we must determine their dispersions

coé and Or(kA)’ respectively. We succeed 1n this only for a normal /91
steady-state random sequence of the magnitudes P . In this case,
following [1], we obtain

| o (7)
2 _:2_??_[.1 L2 1<1—‘;—,’2(i5)>]

2
and ‘o i=1
2 —r (k)]
2 R h_\)[
Gika) = — ' (8)
(2]
where \ M—k '
s 5o iR
SR(8) = TR — k) D UM —k— i)+ rewrios]

i (9)

is the dispersion of the unstandardized autocorrelation function.
For two specific cases, in Fig. 4 the standardized autocorrelation

functions r(Ak) are given, the square roots of their dispersion,
and the variability factors Vr(Ak) = Or(Ak)/r(Ak)' As we should

have expected, the correlation function as the second moment 1is
determined with a much lower accuracy than the average fluxes.
Usually at Ts S 0.1 the error of its determination becomes greater

than 100% and further consideration of the correlation function
does not make any sense.

115




At the present time, a considerable amount of experimental
material has been accumulated with respect to the variability of
fluxes of short-wave radiation in space and time in cloud cover,
as in refs. (3], [IV.17]; [IV.19]; [IV.22], which makes it possible
to formulate the following conclusions.

Vi) ) BT
7

Fig. 4. Autocorrelation function r(x) (1) with mean square devi-
ation o (2) for the total radiation flux and its

variability factor Vr (3).

a- according to alrcraft measurements; b- according
to ground measurements.

1. At the measured fluxes of short-wave radiation in a cloudy
atmosphere to obtain a reliable average a considerable averaging
is required. For aircraft measurements, the necessary averaging
scale with respect to space amounts to 25-100 km, depending upon
the type of radiation and the state of the cloud cover, and for
ground measurements averaging with respect to time within limits
from several minutes to several hours is required, depending upon

/92

the form and quantity of the clouds. In the majority of cases, such
an accuracy of the average flux may be obtained with 5-10 independent

measurements. We must note that these independent measurements may
be accomplished by two methods. In the first place, they may be

performed from one observation point at a certain interval of time,
and the minimum possible interval 1s determined by the condition of
independence At 2 tr+0’ where tr+0 is the value of the argument of

the autocorrelation function in which the latter approaches gzero.
In the second place, independent measurements may be simultaneous,
but performed at different points, the distance between which is
Ax 2 Xs0t The maximum possible interval between the independent
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measurements is determined by the requirement that all the measure-
ments be located within the limits of the steady-state random pro-
cess being investigated.,

2. In the processing of recordings for purposes of obtainilng
average magnitudes of fluxes, it is always useful to consider the
optimum step (taking thé ordinates and readings), since this makes
it possible to save time and labor in data processing considerably.
Usually the optimum spatial step in aircraft measurements of fluxes
of short-wave radiation lies within limits of 0.4-7.0 km, and the
time step in ground measurements is not less than 1 minute.

3. Averaging 1ln space or in time, or averaging according to
independent measurements, makes it possible to decrease the disper-
sion of the average radiation flux by an order of magnitude in com-
parison with one momentary measurement. For a further decrease in
the error, a considerable increase in the averaging scale is re-
guired, which 1s usually practically impossible, since in nature
steady-state situations (fields of clouds) of adequate length are
rarely encountered. From this follows the necessity of revision
of methods of experimental determination of radiation fluxes, their
vertical profiles and radiation heat influxes in the atmosphere.

In measurements in natural conditions we should bear in mind the
fact that the accuracy of the result obtained is determined not only
by the accuracy of the instruments, but primarily by the nature of
the variability of the quantity being measured.
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ON THE ACCURACY OF THE AVERAGING OF
TOTAL RADIATION FLUXES

V. K. Pyldmaa

The measurement of fluxes of solar radiation not infrequently
is associated with their averaging in a certain interval of time.
While in a cloudless sky averaging does not present any special
difficulties, in clouds, especially broken clouds, because of the
essential variability of the radiation field, the problem of the
accuracy that can be achieved unavoidably arises. Since the na-
ture of the variability of the radiation field in time depends
upon the form and quantity of the clouds [IV.19], the accuracy of
the determination of the average fluxes also must depend upon the
parameters of the cloud field.

By using the data concerning the variability of the radiation
field from experiment [IV.19], we will consider what the possible
accuracy of the averaging of total radiation fluxes in certftain
specific conditions of cloud cover may be. We will select the
relative mean square error of the estimate of the average flux as
the index of the accuracy of averaging:

=5 (1)

o]

Here Q* is the average flux of relative total radiation [IV.19],
Q* is the dispersion of the estimate of the average, determined

from the relation (see [2])

M—1

_ 2 AHZW—A)MMM (2)

og-

where r is the standardized autocorrelation function; 02 is the
dispersion of the random process under consideration; At is the
time interval between adjacent readings; and M is the number of
readings. As is apparent from formulas (1) and (2), the averag-
ing accuracy that can be achieved is determined on the one hand

by the nature of the variability of the process being investigated,

and, on the other hand, by the selected step between the reading
and the averaging scale.

As the dispersions 02 entering into formulas (1) and (2), and
the average flux Q*, we will use their averaged values, obtained
from measurements [IV.19]. The autocorrelation functions neces-
sary for the calculation of Yg* were obtained according to
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measurements at Tyraver and were averaged according to several re-
alizations (Fig. 1). The dependence of r(t) upon the quantity of
cumulus clouds presented in Fig. 1 testifies to the equal value of
time correlation connections with a considerable amount of cover
of the sky by clouds and the presence of extensive regions of
cloudless sky. At the same time r(t) at n = 10 points for various
forms of clouds (10 Ci or Cs, 10 Sc, 10 St, |10] Cu) practically
coincide. It is possible that the essential dependence of r(t)
upon the form of clouds appears at n < 10, where the joint effect
of the characteristics of the structure of the cloud cover and the
characteristic angular velocity of i1ts motion is noticeably felt.

In problems connected with the averaging of radiation fluxes
in time, the average flux is either determined for.a certain given
interval of time (such as, for example, the average per hour) or
is given the necessary accuracy of the result, and the averaging
scale in this case is not strictly limited. We will consider the
possibilities of averaging in these cases.

For random processes, as is known [2], an optimum interval
Ato between specific readings exists, a further decrease of which

does not lead to an increase in the accuracy of averaging. The
optimum step Ato, determined from the relation [1]

i r(%)—%r(mo):%, (3)

“

is presented in Fig. 2, as a function of the quantity of cumulus
clouds. Since Ato is determined only according to the form of the

autocorrelation functions, its value for 10 Cu is applicable also

>

for 10 points for the other forms of clouds that have been considered.

r(t) Fig. 1. Averaged autocorrelation
functions of the total radiation
flux for various conditions of
cloud cover.

1) 2 Cu; 2) 3-8 Ccu; 3) 4-5 Cu;
4) 6 cu; 5) 7-8 Cu; 6) 9-|I0] Cu,
(Cb); 7) 10 ci, Cs; 8) 10 3c;

9) 10 St.

120



The essential dependence of AtO upon the quantity of cumulus clouds /95

testifies to the fact that it is impossible to formulate single
rules for selection of the interval between readings for measure-
ment of radiation fluxes with one and the same efficiency in vari-
ous conditions of cloud cover. ‘

By using the values of the
Azmin optimum step Ato presented in

2\ Fig. 2 we will consider with what
accuracy we may determine the
average total radiation fluxes
per hour in various conditions of
: cloud cover. In Fig. 3 the cor-
responding values of Yﬁ* as a

function of the quantity of cumu-

lus clouds, and also as a function

of various forms of clouds when
2 / & 4 n = 10 points, as calculated
according to formulas (1) and (2).
As is apparent from the depend-
ences presented, the average flux
in cumulus clouds is determined
with the greatest relative error.
In this case the relative mean
square error of the estimate of
the average increases with a
growth of the_cover of the sky by
= 0.06-0.07, then at 9-[10]| Cu it reaches a

Fig. 2. Dependence of the
optimum interval between
adjacent readings upon
the quantity of cumulus
clouds for averaging of
total radiation fluxes.

clouds. If at 2Cu Yg*
value of 0.20.

Up to this time for recording of radiation fluxes, galvano-
graphs of type MSShch have been widely used. The printing fre-
quency [2] recommended for them amounts to 10-20 points per hour.
In Fig. 3 the corresponding values of Y@* at At = 3 and 6 minutes

(curves 2 and 3) are given. The small difference in the fluctua-
tion of the curves testifies to the relative proximity of the meas-
urement regime recommended in [2] (for determination of the average
total radiation flux in an hour) to the optimum value.

We will further consider how the accuracy of the determination
of average fluxes changes with an increase in the averaging scale
at an unchanged wvalue of the interval between regions. For this
the optimum step At = Ato is used, and we will calculate Ygx ac-

cording to ratios (1) and (2) for various values of M. The depend-~
ence of YQ* upon the averaging scale for various degrees of the
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7" Fig. 3. Relative mean square error
42} of the average of the total radia-
tion flux per hour in different
measurement regimes and under
various conditions of clous cover.
1- cumulus clouds, At=At, St, Sc,
o, Ci, Cs; 2- cumulus clouds, At=3

' min; 3- cumulus clouds, t=6 min.
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cover of the sky by cumulus clouds as obtained is presented in Fig.
4, Tt is apparent that the necessary averaging scale to obtain a
result with a definite given accuracy essentially depends upon the
cloud cover. For example, to achieve values of Y* £ 0.20 the period

of measurements at 9-10 Cu must be not less than 1 hour. At the /96
same time, such an accuracy 1is already achieved at 2 Cu by a single
randomly selected reading.

77\ Zpe .
N\ al Cu
q4 \\.\ 44
42
47r
4/
1 L ) ! 1
Z 4 & 4d n
Fig. 4. Dependence of the mean square Fig. 5. Mean square error
error of averaging of total radiation of estimation of the aver-
fluxes in cumulus clouds upon the age total radiation filux
averaging scale. at At=0.5 min and M=3.

At=Atg; 1) 2 Cuj; 2) 3-4 Cu; 3) 6 Cu;
4) 7-8 Cu; 5) 9-|10] Cu, (Cb).

In the network of actinometric stations the solar radiation
fluxes according to the so-called "urgent observations" are deter-
mined on the basis of a small number of specific readings with an
insignificant time interval in each period. We will assume that
the averaging is performed on the basis of three readings deter-
mined with a time interval At = 0.5 minutes. The dependence of
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Y@* upon the quantity of cumulus clouds in such a regime of meas-
urement is presented in Fig. 5. The relative mean square error
increases with an increase in the quantity of the clouds and at
7 2 n 2 5 reaches a magnitude of 0.4-0.5, which is obviously in-
tolerable. At 10 points of cover by other forms of clouds (St, Sc,

Ci, Cs) the error is considerably less, although also at 10 St and
and Sc Vg > 0.2.
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ON THE METHODOLOGY OF THE STUDY OF THE
STATISTICAL STRUCTURE OF GROUND FLUXES OF
SOLAR RADIATION IN CLOUDY CONDITIONS

R. G. Timanovskaya and Ye. M. Feygel'son

In the study of the variability of total radiation fluxes /9
arriving at the earth's surface in cloudy conditions, a correlation™
analysis of individual time realizations was performed which is
validated for s’ cady-state random processes,

Some estimates of the steady-state nature and optimum period
of observation in cumulus and continuous cloud cover are given be-
low.

Cumulus clouds. Realizations with a duration of 2-6 hours for
a check of the steady-state nature of the process were divided into
successive parts with a duration of not less than one hour each.
The statistical characteristics calculated for each part of the
realization and for the entire realization as a whole were compared
with each other.

Altogether, 20 comparisons were made, examples of which are
presented in the table. The symbols used are explained in [IV.21].

From a comparison of the partial and total realizations it was
ascertained that with the preservation of the value of the cloud
cover the average value of the flux varies but 1little in comparison
with the mean square deviations T The dispersions of the flux

and other parameters of the statistical structure vary by not more
than 20%. Correlation radii t2 and probabilities of the second

mode of the distribution function turn out to be most variable.

If in the extent of a total realization the cloud cover
changes, then variations of the average value of the flux become
comparable with the mean square deviations, and the variability of
the other parameters also increases.

Apparently a necessary condition of a steady-state nature of
the process of variation of fluxes 1in cumulus clouds in time is
the preservation of the degree of cloud cover over the extent of
the period of observation. This condition determines the upper
1imit of the duration of observation Tmax'

For determination of the lower 1limit T . the time of estab-
lishment of dispersions was considered. min
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Let us assume that a realization of the process Q(t) with &
duration T at a dispersion equal to 02 has been given. We will

consider the particular intervals of time Aéi)T = iigllm; %2 s
(=1, 2, 3, ««., n), in each of which m points of measurement

are contained: Qj’ jg=1, 2, ..., m.

We will calculate the particular dispersions

where

N
\O

and then the average dispersion o
formula

We will determine the maximum value of n at which with a given
error the following equality is fulfilled:

The corresponding interval 2AnT = Tmin determines the minimum

length of the realization. The optimum period of observation must
apparently satisfy the condition:

<
Tmin < Topt S Thax

and
Topt 2 10t2, [11.

In Fig. 1 for several realizations of the magnhitude of Q in
cumulus clouds the dependence of the parameter c%/b upon the

length AnT of the interval is presented. From these and other /1

similar data (altogether 25 cases were considered) it was ascer-
tained that the period of establishment of the dispersion, Tmin

varies within limits of 20~60 minutes, with an average value of
40 minutes.
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Fig. 1. Dependence of the parameter %i/cz upon the length

AnT of the interval in cumulus cloud cover.

The correlation radius t2 in cumulus clouds is approximately

equal to 5-10 minutes., According to data in [2], one point of
cumulus cloud cover in summer is usually preserved at a constant
value for 1-2 hours. Thus, the optimum period of ground observa-
tions of radiant fluxes in cumulus cover turns out to be of the
order of 1-2 hours.

- fog
afls
® ¢
o [s

1
7
A,7. min

29 45 s 72

Fig. 2. Dependence of the parameter Gi/oz upon the length AnT of
the interval in continuous cloud cover of various forms.

Continuous cloud cover (overcast). In Fig. 2 individual ex-
amples of the process of establishment of a dispersion in continu-
ous clouds of various forms are given. It is apparent that the
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period T in this case considerably exceeds the time of estab-

min .
lishment of a dispersion in cumulus clouds. An increase in Tmin
is noted in the transition from low continuous cover (fog, Ns, Sc)

to clouds of the middle level (Ac, opaque, As) and then to continu-

ous clouds of the upper level (Cs).

The necessary averaging period amounts to not less than 1 hour
in a case of clouds of the lower level, not less than 1.5-2 hours
for the middle level, and more than 2 hours for the upper levels.

The correlation radius t2 in continuous cloud cover of various
forms varies within limits of 10-60 minutes [IV,19].

FProm this it follows that the duration of realizations in con-
tinuous cloud cover must be of the order of 2-10 hours. In this
case the properties of the cloud cover must be preserved, which in
the case under consideration, are not characterized by the points
on a scale of ten.

The necessity of such a prolonged period of observation Toptz

# 2=10 hours makes the possiblility of studying the statistical
structure of the total radiation flux in continuous clouds accord-
ilng to data from ground actinometric measurements doubtful. In
this case only the average values of the fluxes and their disper-
sions can be determined reliably.
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TOTAL RADIATION AT THE SURFACE OF THE EARTH
IN VARIOUS CONDITIONS OF CLOUD COVER

V. K. Pyldmaa and R. G. Timanovskaya

The total radiation Q is an important component of the heat
balance of the atmosphere. In cloud condifions it is basically
determined by cloud cover and is subject, together with the latter,
to considerable variations. For purposes of investigating the vari-
ability of solar radiation at the surface of the earth in time in
various forms and degrees of cloud cover in March 1967 at two points
in Dnepropetrovskaya Oblast' (Zhovtnevoye and Dnepropetrovsk),
located at a distance of about 110 km from each other, continuous
recording of the total radiation fluxes was performed. In autumn
1966 these measurements were conducted at the Zvenigorod Scientific
Station of the IFA AN SSSR and since May 1967 at the Institute of
Physics and Astronomy of the AN ESSR at Tyraver.

Yanishevskiy pyranometers served as radiation detectors, and
automatic potentiometers as recorders. The quantity and form of
the clouds during the measurements at Zvenigorod were determined
according to photographs of the sky taken at an interval of 30
minutes and at Tyraver the quantity of cloud cover was determined
visually.

The measurements were conducted only with clouds of one form,
when the cloud cover varied by not more than 1 point.

The duration of the time series caused by this requirement
varied from 1 to 5 hours. The processing of the data in the form
of specific readings taken from a continuous recording tape with
an interval of 9 or 12 seconds was performed on a Minsk elec-
tronic digital computer. For approximate exclusion of the /102
diurnal fluctuation of the total radiation, the following dimen-
sionless quantity was subjected to analysis:

Q¥ = (1)

@,@

0

where QO determines the average diurnal fluctuation of the possible

total radiation of a cloudless sky for the given geographical point
and calendar day [1]:

Qo = Iycos ¥ [1 —{—; sec ¥g]~L
(2)
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Here g is a coefficient characterizing thé optical thickness of
the atmosphere and the albedo of the underlying surface,

For Q* the followigg statistical characteristics were caicu-
lated: average fluxes Q¥*, dispersions UQ*, variagbility factors
VQ*, distribution density p(Q¥), standardized autocorrelation

functions r(t), and intercorrelation functions r*(t) with obser-
vation at two points.

TABLE T
No. . = 2 )

Cloud | Of o , 9* %
cover. E;g_}"ave,- Limits_ ave. Limits_ a - Limits

_bionsl |fbifHy| 0L TR, |70 95Ty
oic | 2 [o0,72]0,71—0,74 | 0,012]0,008—0,017| 0,15 | 0,12—0.18
10 Cs 3 | 0,65 | 0,64—0,67 | 0,027/0,012—0,0%0| 0,18 | 0,10—0,28
10As | 4 |0.48]0,43—0,50 | 0,010/0,003—0,026 0,19 | 0,11—0,33
107 Ac 4 |0,71]0,70-0,74 | 0,030] 0,030 |0.25|0.23—0,26
710 Sc 7 10,31 | 0,44—0,55 | 0,0040,002—0,012| 0,21 | 0,13—0,37
10 St 6 |0,21|041—0,40 | 0,002/0,001—0,004| 0,30 | 0,06—0,50
fog 3 |0,310,30—0,32 | 0,003/0,002—0,004] 0,18 | 0,14—0,21
10 Ns 4 0.2 |0,21-0,26 | 0,0030,001—0,005 0,20 | 0,13—0,27
M0]Cu, Cb)| 2 |0.48 | 0,34—0,61 | 0,039]0,030—0,048| 0 44 | 0,36—0,51

In Table 1, where the average values and boundaries of vari-
abllity of certain statistical characteristics obtained for vari-
ous cloud conditions are given, it follows that even in conditions
of low continuous cloud cover (fog, Ns, St, Sc) the total radia-
tion fluctuates noticeably. In the transition from low continuous
cloud cover (fog, Ns, St) to continuous cloud cover of the middle
level (As, Ac) and then to cumulus cloud cover (Cu) the intensity
of the fluctuation increases noticeably.

As a rule, the average flux Q¥ increases from clouds of the
lower levels to clouds of the middle and upper levels. Usually
in continuous stratoform cloud cover of the lower level Q¥ < 0.5,

The statistical characteristics of the field Q¥ in cumulus
cloud cover have been considered in more detail. In Fig. 1 the

132



dependence of the magnitude of the average flux Q¥ upon the guanti-
ty of Cu is given. We may, in the first approximation, describe
the clearly expressed linear dependence in the range n 2-10

by the formula

1.20 - 0.08 n.

Q*

The mean square deviations oé* acquire the maximum value at n

5-6 (Fig. 2); the region of greatest values of the variability
factors VQ* is shifted in the direction of greater coverage of the

sky, and, precisely, VQ*,max is observed at n = 7-8 points (Fig. 3).
TABLE 2
.gégg% Qumin Qmax | Mode nggéOf Median
10 Ns 0,12 0.36 0,24 0,42 0424
10 St 0,12—0,31 | 0,30—0,88 | 0,21—0,36 | 0.30—0,55 | 1,21—0,%0
9 St fr {0,43—0,48 | 1,17—1,21 0,63 0,12 -0,17 | 0,63—0,63
fog 0,18—0,20 | 0,42—0,60 | 0,30—0,36 | 0,25-0,44 | 0,30—0,38
10 As | 0,24—0,35 | 0,72—0,74 | 0,36—0,45 | 0,27--0,34 | 0,42—0,48
{10] S¢ | 0,39—0,51 0,90 0.50—0,65 | 0,12—0,18 | 0,59—0,55
{10] Ac 0,42 0,96 0,54 0.13 066
"9 Ac 0,52 £,20. . 0,98 | 0,6 0,94
5 Cu fr 0,43 1,20 0,45 &0,94 0,07 % 0,22 0,95
7 Cu 0,42 1,20 0,48 &1,08| 0,16 & 0,14 0,72
9 Cu 0,29 1,34 0,50 &N,00n 12 & 0,05 0,54
!

For the segments of time realizations considered by us the disbu-
tion densities of the flux, Q¥, were determined. In Fig. 4 ex-
amples of the distributions obtained are presented, and in Table 2
some of their numerical parameters. As a rule, at 10 points of
strataform cloud cover the distribution has a monomodal form with
values of the mode and the medium being very close. However, with
a decrease in the quantity of clouds and, consequently, with an
increase in the role of direct radiation of the sun in the total
radiation flux, the difference between the values of the mode and
the median is increased. The greatest distinction is observed in
cumulus cloud cover at which the distribution has a bimodal form.
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Fig. 1. Dependence of the average /10l
flux Q¥ upon the quantity of Cu. ~—
1l- according to measurements at
Tyraver;

2- according to measurements at
Zvenigorod.

Fig. 2. Dependence of the mean
square deviation of the flux Q¥
upon the quantity of Cu.

1- according to measurements at
Tyraver;

2- according to measurements at
Zvenigorod.

1
7 7 s £ 4 nn

Fig. 3. Dependence of the vari-
ability factor of the flux Q¥
upon the quantity of Cu.

1- according to measurements at
Tyraver;

2~ according to measurements at
Zvenigorod.

The first mode, corresponding to small values of Q¥, characterizes /105
the radiation flux when the sun is covered by clouds. The second
mode corresponds to conditions when the total radiation flux 1is
determined by direct and scattered radiation. In cumulus cloud
cover the scattering of direct radiation of the sun by the lateral
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surfaces of the clouds also plays a notable role, as a result of
which the range of variability of Q¥* widens, and a value of Q% > 1
is observed.
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Fig. 4. Distribution densities
of fluxes Q¥

a-1) 10 St; 2) 9 St; b) 10 Ns;
c) 10 As; d) |10| Sc; e-1) 9 Cu;
2) 5 Cu fr. T

Fig. 5. Standardized autocorre-
lation functions.

1-4) primarily continuous cloud
cover (16, 9, 29, 31 March);

5) cumulus cloud cover (25 March);
6,7) various cloud cover (15, 23
March).

For cases of simultaneous recording of total radiation fluxes
with a duration from 5 to 8 hours at the Zhovtnevoye and Dnegrope— /106
trovsk points, the average fluxes Q* and thelr dispersions GQ* -

were calculated (Table 3), and also the intercorrelation functions
r*(t), which are given in Fig. 5.

If, according to the visually estimated state of the cloud
cover approximately the same situations are observed at both points
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then the total radiation fluxes turn out to be close to each other,
and the magnitudes of r¥(t) are positive, and the correlation func-—

tion is smooth.
or weak.

In this case the intercorrleation may be reliable
Sufficiently reliable correlation is characteristic for

cases when at both points it is primarily continuous cloud cover
of the lower or middle levels that were noted (Fig. 5, curves 1-14).
In broken cloud cover of the lower level (Cu, Sc) the magnitudes
of Q¥ correlate only weakly with each other (Fig. 5, curve 5).

Table 3
, - Zhovtnevoye Dnepropetrovsk
ate Cloud 2 Cloud
O~ 2 . ou o o° -
<MaPCh) Q Lh) cover (i* A_Q cover
9 0,290 | 0,055 | fog 0,160 | 0,034 [fog
16 0,630 | 0,323 |[10] Ac 0,744 | 0,250 | 9 Ac
24 0,470 | 0,182 | [10[As, Ac {0,520 | 0,175 [ 10 As, Ac
29 0,508 | 0,248 | [10]Ac 0,874 | 0,208 | 810 Ac
31 0,200 | 0425 | 10]Sc 0.530 — |10 Ac
20 06206 0,207 {10 8L, Ci, Ac | 0,645 | 0,163 | 9—10 Sc
25 0645 | 0323 |7 Cu 0,560 | 0314 [ 7 Cu
19 9,588 — fog, 10st | 0,737 — [fog ,9Stfr
15 0,487 | 0,73 | As, St fr 0,471 | 0,088 | 10 St
23 0,917 | 0,350 | As,cloud-|0,300 | 0,087 |[fog -, St
less

If the meteorological conditions at the measurement points
were different then the correlation between the fluxes either was
lacking or was replaced by an anti-correlation (Fig. 5, curves 6,

7).
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SOME PARAMETERS OF CUMULUS CLOUDS OBSERVED BY
PHOTOGRAPHS OF THE SKY AND FROM
GROUND ACTINOMETRIC MEASUREMENTS

R. G. Timanovskaya and Ye. M. Feygel'son

The complex of measurements described in [IV.21] made it pos-
sible to obtain certain information concerning cumulus clouds in
their distribution throughout the sky. For this, photographs of
the sky were used, continuous recordings of the readings of an
actinometer, and also measurements of the wind velocity at the
level of the clouds. The device for photographing the sky and the
methodology of calculating the quantity of clouds were described

in [1].

The recurrence of the general quantity of clouds involved, n,
obtained from 385 photographs in conditions when the magnitude of
n varied within limits of 1 ¢ n £ 9 1s presented in Table 1.

Table 1
r.l’ 1 2 3 h K] ] 7 8 9 ~
Points Total
™. of 13 46 58 79 50 55 36 23 19 | 385
cases
% 3,4 ’11,9 15,0 | 20,5 | 14,5 | 14,3 | 9.4 [ 6.0 | 4.9 | 100

In Table 2 the distribution of the average zonal number of

points of cloud cover, 1I,, with respect to angular zones (A? = 10°)

is given for various general relative quantities of the clouds.
In the next to the last column in Table 2 the average values of
the general relative quantity of clouds within the limits of each
gradation are given. The general value of the ball number is cal-

culated according to the formula

m
Y n,gi SQ‘. (l)

at given values of n¥ .
. i
lar zone Awi; m is thé number of zones.
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i
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The data in Table 2 are presented in Fig. 1, together with
the theoretical curves from [2]. The average data of the obser-
vations agree excellently well with the calculation at 3 £ n £ 6,
which confirms the correct selection of the Gaussian statistical
model of the distribution of cumulus clouds throughout the sky in
[2]. However, if there are few clouds (n £ 2) or if there are
many of them (n = 7), the photographic number of points of cloud
cover essentially differs from the calculated value. Probably in
these conditions the distribution of cloud cover throughout the

sky for ground observations ceases to be statistically homogeneous /108

and Gauss's law turns out to be inapplicable.

TABLE 2
- - Kis)em )
A8
. ) rel. Number of
* 0--10 | 10 20 [ 20 -0 | 30.-40 | 40—50 50—-60 { 60—70 | 70—80 ;'901n'tss,'« cases
n

1,5 0 0.1 03| 04| 05/ 1,2 1,6 | 1,7 ] 0,7 13
15—-25108 |09 12 16 20| 2.3{28 |30 2,0 46
2535 1,8 |2.0 2,0 2.2 2,4 3,0 4,0 | 4,3 2:9 58
354527 |29 3.0 33| 34| 3.6 4,6 | 5,2 3.9 79
45--55 139 (4.0 4.0 [ 4,0 4,21 4,4] 54 | 6,5 4,9 [s6
55-6.54.8 |4.9 501 5,2 53| 5,3(59 |74 6,0 55
657572 |6.8 6.4 63| 6,1 6,4 7,0 | 7,7 74 36
7.5-8.5186 (8.2 | 84 80| 7,7 727479 7.9 23
85-95[(96 9.2 92| 88| 85| 86/ 9,0 90| 9,0 19

Aside from the direct data described above, the authors at-
tempted to extract information relative to cloud cover from actino-
metric measurements. Such a possibility, justified by the high
sensitivity of fluxes of solar radiation to the appearance of
clouds, is discussed, for example, in [3].

The relative duration of sunshine s@ may be defined as the

fraction of the period of observation corresponding to the condi-
tion S > £, where S is the momentary flux of solar radiation meas-
ured by the actinometer, & is the threshold flux estimated below.
This fraction may be found if the function of the probability dis-
tribution relative to the magnitudes of direct solar radiation is
known similar to the function presented in [IV.21].

It is apparent that the probability of the second mode S, of
the distribution curve makes the basic contribution to the quantity
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Sg* Together with this, the curves indicate that the recurrence

of rather large fluxes of solar radiation, Si where S1 << Si < S2
(Sl is the first mode) is adequately great. Apparently the fluxes
Si are determined by the probability of "semi-transparent" states
of the sky originating in the covering of the sun by optically thin
clouds or in partial covering of the sun by clouds. These also
include conditions of fictitious transparency, originating because
of the .nertia of the actinometer and the posslble entry of light
reflected by the edges of the clouds into the instrument. In the
consideration of the fluxes Si the magnitude of Sg is determined

according to the formula
k
50 = D) P (2)

Here Po_y is the probability of the i-gradation of S2-i on the /109

probability distribution curve preceding the second mode. The
number k of gradations considered in formula (2) was determined
according to the maximum value of_the linear correlatlion factor_r
between the magnitudes of Se and S¥, and also 56 and Q¥, where S¥

and Q* are the average relative direct radiation fluxes and total
radiation fluxes for each period of observation. Corresponding
regression curves at different values of the parameter k are pre-
sented in Fig. 2.

Fig. 1. Distribution of the zonal
point number of cumlilus cloud cover.

1) calculated data;
2) average data from observations.

140



46 . i s | o3t
r=g72 ... r 477 " le e r 48 * :.'
s 0 O .- %'" ,..~
3% . n & .. N t;{\
a4y Aui, . 't'.:;g .~.:./
0 ™ i 1 [ | : 1 1 ) 1 .
44 45 48 1 44 45 4# g« af 48 ¢
Yroeam o (rar e | rge
R ‘;{f': .f,‘:‘:..:"
G4+ .;,. . - -.k. e
o.’:.{ 5.: ® . %"
0 1 bl I. 1 t 1 1 1 1 1 =
794 a4 48 1794 44 1747 /¥4 744 Q@ 5

Fig. 2. Connection between duration of sunlight s, and average

®

relative fluxes of total radiation, Q*, and between Se

and the average relative fluxes of direct radiation S#*

(b)o

It is apparent that the essential scattering of the points
at k = 0_with a_growth of k is replaced by a more regular depend-
ence of S¥ and Q¥ upon Sg» and the coefficient r increases simul-

taneously. Our experience has demonstrated that we may always /110
find the optimum number k = ko in formula (1) from the conditions

dr dr
dk lr=k, 0; dk k>k°<0'

Since the second mode of the distribution function is more vari-
able than the first, in practice it turned out to be more conven-
ient to determine the duration of sunlight according to the.formula

Ky
S®=1_2p1+iy (3)

i=0

where pq,. is the probability of the i-th gradation following the
first mode. In this case usually kl ~ 7 occurs at a step with
respect to S*¥ equal to 0.06. It turns out that the average fluxes
of direct radiation and total radiation are basically formed in
conditions when the random values of direct solar radiation satisfy
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the inequality S 2 0.72-0.44 cal/em® min at 35° < 0y € 50°. The

time interval corresponding to these conditions determines the
duration of sunshine.

The proposed method of deter-
mination of the duration of sun-

" shine according to the actinometer

is quantitative. As was indicated

in [4], the use of an actinometer

for determination of sO has a num-

ber of advantages 1n comparison
with the use of a heliograph for
this purpose, in particular in the
possibility of automation of pro-
cessing [5].

In Fig. 3 the connection of
the duration of sunshine with the
general point number of cloud cover
is presented. Usually we assume
Fig. 3. Connection of the dura- that between these parameters the

0=z 44 46 48 7%

tion of sunshine with the following relation holds
general point number n (1) and
with the zonal number ng (2) sg =1-n (4)

in the direction to the sun.
(n is in fractions of a unit), /111
which is natural in the assumption
that the clouds are absolutely opaque. With consideration of the
effect of semi-transparency, equality (3) must be replaced by the
inequality

Sg > 1 - n,

which is also observed in Fig. 3.

Each point in this drawing corresponds to the average point
number of the cloud cover in periods of time that are not less than
2 hours and to the relative duration of sunshine for the same per-
iod. The scattering of points in Fig. 3 is very great , but never-
theless the validity of inequality (4) is obvious.

In this same drawing the connection between the quantities Se
and ng (the zonal point number in the direction of the sun) is pre-

sented. The followlng relation holds
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0 <o — (1 — ng)| < [so — (1 — m)], (5)

which testifies to the closer connection of the duration of sunshilne
with the zonal point number in the direction of the sun than with
the general point number. Together with this it is apparent that

the duration of sunshine is not determined entirely by the zonal
point number either. It 1s apparent that there are real states of
"semi-transparency", considered in the determination of Sg*

It was observed that the scatterling of the points in Fig. 3,
if not entirely explained by the considerable dependence of the quant
ty Sg upon the linear dimensions of the cloud, & , determined accord-

ing to autocorrelation functions [IV.21], is partially explained by
this fact. This dependence, as presented in Fig. 4, in turn 1is
probably caused by the increase in the number of clouds in the sky
with a decrease in 2 at n = const and an increase in the area of
their peripheral semi-transparent parts.

Fig. 4. Dependence of the duration
of sunshine upon the dimensions
of cloud formations.

ol
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1000 2000 %2, m

The characteristic of cloud cover s_ proposed for reducing the

®
fluxes to parameters has a physical nature closely connected with

the effective transparency of the clouds (in distinction from the

purely geometrical parameter n). Therefore, the less the optical - /112
density of the clouds, the more significant must be the difference
between the parameters n and Sg* We may hope that the parameter

Se makes it possible to classify fluxes without additional informa-

tion relative to the form of cloud cover. The advantages of this
parameter in conditions of continuous cloud cover are obvious—
frequently the continuous cloud cover is not too dense optically
(Ci, Ac) and causes appreciable fluctuations of the radiation fluxes
[IV.19]. The determination of this parameter is performed within
the framework of actinometric measurements and does not require
additional observations.
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All these considerations are tentative and require more com-
plete validation and checking. It is necessary primarily to ascer-
tain to what degree the readings of the actinometer are in agreement
with the true transparency of the clouds.

However, regardless of the answer to this question, we may
affirm that the parameter Sg is more closely connected with fluxes

of direct solar radiation and total solar radiation than the point
number of the cloud cover. This affirmation is based on a compari-
son of the dependences of various statistical characteristics of

fluxes upon Se and n.
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FLUXES OF SOLAR RADIATION AT THE SURFACE OF THE EARTH
IN CUMULUS CLOUD COVER

R. G, Timanovskaya and Ye. M. Feygel'son

For a description of the variability in time of fluxes of
solar radiation, as a function of the state of cumulus cloud cover,
at the Zvenigorod Scientific Base of the IFA since autumn 1966 a
complex of measurements has been conducted.

In the hours near noon fluxes of direct radiation and total
radiation were recorded continuously (for 2-5 hours), measured by
an actinometer and a pyranometer designed by Yu. D. Yanishevskiy. /113
Simultaneously, not less frequently than every half hour, the sky
was photographed and the zonal and general relative number of points
of the cloud coverage were calculated. Every hour, by means of
weather balloons, the wlnd veloclty v at the level of the c¢louds
was measured. The methodology of the actinometric measurements,
calculation of the quantity of clouds, and statistical processing
of the data were eplained in [1,2] and [IV.19].

n JSo
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¥ Fig. 1. Connection between the
25+ PN average relative fluxes S¥ and

-3:' Q¥ and the parameters of the

‘ cloud cover Se and n.

T w o

The relative fluxes of direct solar radiation and total solar
radiation were considered, as determined according to the formulas

«_ 5 e Q
S—So’ Q_Qo'

146



‘«.i
{

The average values of the relative fluxes S¥*, Q¥*; their dis-
persions og*, GQ*; variability factors VS*’ VQ*; the differential

and integral distribution functions, p(S¥), p(Q¥), and P(S¥*), P(Q*);
and also the standarized autocorrelation functions r(t). These
characteristics were calculated according to individual time real-
izations, which is quite lawful for random steady-state processes
[IV.18]. Realizations with a duration of about 2.2 hours at 1000
specific readings in each case were selected., Altogether, 60 such
realizations were considered.

In Table 1 the average statistical characteristics of fluxes
S* and Q¥ are given for the four gradations of the parameter Sgs

where 56 is the duration of sunshine, determined according to the /11!
actinometer [IV.20].
" ek
420

1

Fig. 2. Dependence of the disper-
sion of the direct radiation flux
cg* upon the parameters sg and n,

and also the dispersion of the
total radiation flux 05* upon sg.

The connection between the average values of fluxes S¥ and Q¥
and the quantities n and Sq» presented in ref. [1] and in Fig. 1,

1s described by equations of linear regression of the form

0° = 0.705g + 0,32 (r =0.91), (1)
S = 1.00sg — 0.04 (r = 0.96), (2)
- Q=124 —0.09n (r = 0.85), (3)
T =142 —046r  (r=0.72), (4)

where r is the linear correlation factor.
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Formulas (1) and_(3), and also (2) and (4), lead to different
values of the fluxes S* and Q* in cases of a clear sky (s® =1,

n = 0) and continuous dense cloud cover (sO = 0, n = 10). This

apparently is explained by the difference of correlation (see the

numbers in parentheses) between the fluxes and the number of points
of cloud cover and between the fluxes and the duration of sunshine.
Incidentally, it is possible that the divergences observed arecause

by the inadequate number of data at Sg = 0, n =10 and Sg = 1, n =0,
used for caleculation of the coefficients of expressions (1)-(14).

Fig. 2 shows the dependence of the statistical parameters Ogxs
OQ* upon the parameters of the cloud cover, n and Sg¢ This depend-

ence turned out to be nonlinear; the dispersions are at the maximum
at 0.3 < S £ 0.7 (4 £n 2 8), decreasing in an almost clear sky or
an almost overcast sky. The variability factor VS*’ presented in

Fig. 3, 1s connected linearly with the quantities n and s in dis- /116

®,
tinction from the coefficient Vo (also see [1]) and in the latter
case an equallzation is observed and, possibly, a decrease 1in VQ*

with a decrease in s_.

®
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/ i+ " Fig, 3. Dependence of the variability
46 RS factor of the direct radiation flux
a5 R RIS VS* upon the parameters Se and n and
21 S the total radiation flux Vgy upon sg.
1 1 1
z P 5 n

In Fig. 4 the average integral distribution functions of the
quantities S* and Q¥ with respect to 50 realizations at 0.4 < 89 <

< 0.8 are given. It is apparent that in cumulus clouds with a
probability 250% the relative total radiation fluxes exceed the
values of 0.8 (Qobs > 1.4 cal/cm? min at 0 = 45°) and the direct
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radiation fluxes, 0.5 (0.8 cal/cm2 min at &g = 45°)., These fluxes

are 25-30% formed with the sun covered with clouds, 50% with an /117
open sun, and 20-25% due to semi-transparent situations.

7% ’ The differential distribution func-
o tions of the probabilities of fluxes S¥
and Q¥ are presented in Fig. 5 and in
Table 2 their parameters are given. In
a case of total radiation Qi > 0 occurs

and Qﬁax > 1, where Qi is the value of

the first mode of the distribution curve

Q;ax is the maximum measured value of

the flux.

fﬂ.
77
74

b/
/4

[ T

The difference of the first mode

o g from zero testifies to the essential
°s5* role of the scattered radiation in the
1 ; } o formation of the total flux. The con-
¥ 45 43, tribution of scattered radiation be-
comes basic according to Fig. 5 at
Fig. 4. Average integral sg < 0.4.

distribution functions of
the probabilities of rel-
ative fluxes of direct
radiation and total radi-
ation (on a probability
scale).

We will consider a section of the
distribution curve of the probabilities
of the flux Q¥ at Q¥ > 1. The appear-
ance of such values of Q¥, as was noted
in [3], is characteristic for cumulus /118
clouds and is caused by the reflection
of direct solar radiation by the lateral
surfaces of the set of -clouds. The curves in Fig. 5 make it pos-
sible to estimate this effect quantitatively. For example, at s, =
= 0.4 about 10% of the time Q¥ > 1 is observed. The contributiog
of such values of Q* to the average flux Q¥* is close to 10%.

The dependences of certain parameters of the distribution func-
tions upon s, and n, presented in Figs. 6 and 7 demonstrate that
the recurrence of the first and second modes of the distribution /119
functions of fluxes S¥ and Q¥, and also the median of these distri-
butions depends linearly upon the parameters 56 and n. In this

case, as before, a closer connection with the quantity Se than with
n l1s noticeable.

In Fig. 8 the characteristic examples of standardized auto-
correlation functions are presented—r(t) almost the same for total
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Fig. 5. Average differential distribution functions of the
probabilities of relative fluxes of direct radiation
and total radiation.

radiation fluxes and direct radiation fluxes. Calculations of
r(t) were performed for the time interval (0.1AT), where AT is
the duration of the realization. The quantitieé Qg%il s Where
txtyg

0 <t, < ¢t in cumulus clouds, essentially differ from those cor-

0 1°
responding to a case of any other cloud cover (see [IV.19] and
Table 1): 1in the first case the derivative is the greatest and
the correlation radius 1is the least, which corresponds to compara-
tively small horizontal dimensions of the cumulus clouds.

Fig. 8 demonstrates that in the interval t, < t < 0.1AT the

function r(t) may be both periodic and monotonié at one and “theée
same values of the parameters n and Sg* In averaging according
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(b) upon the parameters Sg and n.
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to 47 realizations, corresponding to the average point number of cum-
ulus cloud cover, ng = 5, no periodicity is manifested (Fig. 9), but

nevertheless, it is real, and characteristic for rapidly passing
clouds, i.e., either at adequately small dimensions of the cloud
heterogeneities or at adequately large wind velocitles.

As is apparent from Table 1 and Fig. 10, the correlation
radii increase with the growth of the point number of cloud cover.
Since the wind velocity varied but little, we may think that an
increase in the point number of cumulus clouds occurs not only due
to an increase in the number of cloud heterogeneities but also due
to their enlargement.

reL) /12C
40§

,7/19/68;5 s=0.445 n=5; v=11 m.seczl
\ .5/37/68; s=0.46; n=6; V=8 m-sec”
46 -7

qz

Fig. 8. Standardized adtocorrelation functions of the total radi-
ation fluxes (1) and direct radiation fluxes (2).

The dimensions of the cloud heterogeneities determining the /121
structure of fluxes of direct radiation and total radiation, accord-
ing to Table 1, amount to 180-420 sec or 2200-2000 m. Although
the material of the observations is still not great, the analysis
performed demonstrates that a close connection exists between the
average values of fluxes of solar radiation and the totality of their
statistical characteristics on the one hand and such parameters of the
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clouds as the point number of the cloud cover or the duration of sun-
shine on the other. A successive comparison of the connection of the
statistical parameters of the fluxes with each of these parameters

of the clouds forces us to give preference to the second.

The statistical characteristics of the fluxes calculated make
it possible to estimate their varlabllity and to penetrate into
the physical structure: to determine the role in the formation
of fluxes of direct, scattered, and reflected light; to ascertain
the effect of clear, semi-transparent, and cloudy sections of the
sky, and large and small cloud formations.
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SPATIAL STRUCTURE OF THE FIELD OF
SHORT-WAVE RADIATION IN STRATOCUMULUS AND
CUMULUS CLOUD COVER

M. A. Sulev

In 1967-1969 at the IFA AN ESSR, together with the Ukr. NIGMI,
aircraft investigation of the spatial variability of fields of
short-wave radiation and cloud cover was conducted. In this arti-
cle the results of investigations in 1967 and 1968 are considered.
In the spring of 1967 we succeeded in obtaining adequate material
only for stratocumulus clouds, in the summer of 1968 the field of
intra-mass cumulus cloud cover was 1lnvestigated.

In horizontal flights, the fluxes of total and reflected short-

wave radiation were recorded continuously, and beginning in 1968,
also the presence of clouds in the direction of the zenith (or
nadir) on the flight path. The fluxes were measured by M80 stand-
ard pyranometers as recorders for which the eKVT/1l automatic poten-
tiometers served. The presence of clouds was determined by a
special narrow-angle detector (the angle of view was of the order
of 1°), operating in a narrow spectral range of about 0.85 micron.
The output signal of this detector, after amplification, was re-
corded on a K-4-51 loop oscillograph. The length of one flight
varied from 100 to 600 km, amounting to 300 km on the average.

The ordinates were taken from the tapes of the automatic recorders
with an interval from 0.5 to 6 sec (from 0.035 to 0.4 km, respect-
ively), depending upon the form of the curves. Certain results of
the investigations indlicated are given below.

Stratocumulus cloud cover. In stratocumulus cloud cover the
flights were conducted over and under the layer, and in certain
cases also inside the layer, at a distance of approximately 100 m
from the upper boundary. All the results obtained at 8, 9, llOl,
and 10 Sc coincided quite well. Certain average statistical char-
acteristics of the fluxes of short-wave radiation are given in the

table.

As is apparent from the table, the variability factor of all
the quantities measured varies from 0.15 to 0.5, the correlation
radius X 5 takes the greatest value for a flux of reflected radi-

ation over the clouds, and the least inside the layer. We should
emphasize that the averaging scales necessary to obtain an average
value with a reliablility of B = 0.95 are much greater than those
usually assumed at measurements of the vertical profile of the
radiation fluxes (of the order of 10 km). From this it becomes
obvious why to obtain plausible results averaging according to a
considerable number of profiles is required.
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- Averaging
Correla- scale to ob-
Number of tion Variabil- tain a=5% at
measure- radius ity factor, 8=0.95
Flight Fluxes ments (km) X 5 v (in km)
Above the Dt 13 25 0.3 60
layer A 25 0.25 60
Inside the| 3 1-2 0.2 22
layer D4 5 2.5 0.2 25
A 1.0 0.15 10
12y:§ the D4 9 2.5 0.5 100
A 1.5 0.3 30

In Fige. 1 the average autocorrelation functions for fluxes
of short-wave radiation are presented, and also for the short-wave
albedo inside the layer. We may note that even in conditions of
stratocumulus cloud cover the correlation decreases quite rapidly
and in this case a certain weakly expressed periodicity is observed.

In Fig. 2 the average spectral densities S(f) are represented /123
for fiuxes of short-wave radiation in the interval of frequencies -
f from 0.015 to 0.6 km—l, On the curve of the spectral density of
the flux of total radiation inside the layer, by a dashed line,
the two small maxima are designated which are observed in the
majority of cases, but, however, for confirmation of their reality
the material is still inadequate. In Fig. 3 the spectral densities
are given in logarithmic coordinates. In the cases under consider-
atiogé the spectral densities are not described by the ratio S(f) =
= bf with a constant exponent ¢, with the exception of the flux
of total radiation under the clouds, for which the given relation
is true when ¢ = 1.3.

Cumulus cloud cover. All the measurements were conducted with
intra-mass cloud cover of the form Cu hum (Cu fr), Cu med, Cu cong of
1-8 points and, as a rule, below the clouds. In this case, the
total radiation flux was recorded, and also the presence of clouds
in the direction of the zenith along the flight path. 'Altogether
in 1968, 19 successful realizations were obtained. The results ob-
tained in the conditions indicated above turned out to practically
coincident, and we did not succeed in observing any dependence of
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: Fig. 1. Autocorrelation functions
Ir(x) in stratocumulus cloud cover.

1) total radiation flux inside
the layer; 2) the same, below the
layer; 3) flux of reflected radi-
ation inside the layer; 4) short-
wave albedo inside the layer.
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Pig. 2. Spectral densities in strato- Fig. 3. Spectral densitiles
cumulus cloud cover. in stratocumulus cloud
1) total radiation flux inside the cover on a logarithmic
layer; 2) the same, below the layer; scale.

3) flux of reflected radiation inside For symbols, see Fig. 2.
the layer.
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the statistical characteristics upon the point number or the form

of cloud cover. This contradicts the ground observation data con-
cerning the total radiation flux in cumulus cloud cover, but agrees
well both with ground and aircraft measurements with a narrow-angle
detector and apparently can be attributed to the small amount of aver-
aging in space in flight at a short distance from the lower bound-
ary of the clouds. On the basis of what has been said, we will
considered only the averaged characteristics below. The average
correlation radius X0.5 is equal to 0.8 km, the variation factor

is 0.3. The necessary averaging scale for obtaining an average /125
flux with a relative error a = 5% with a reliability B = 0.95 is of

the order of 30 km. In Fig. 4 the average autocorrelation func-

tion is given, and in Fig. 5 the spectral densities of the total
radiation flux of flights below the clouds. In cumulus cloud cover

the latter is approximated well by the expression S(f) = bf~C at

c = 0.62.

r(x)
1w | s(t)

45 7

T1. |

0 20 30 X, km

| E |
7 a5 40 G £ wm t

Fig. 4. Autocorrelation function Fig. 5. Spectral density of the
of the total radiation flux below total radiation flux below the
the layer of cumulus clouds. layer of cumulus clouds.

According to measurement with a narrow-angle detector on the
flight path, the distributions of individual clouds and openings
according to dimensions were found. Thelr average distribution
is presented in Fig. 6. As is apparent, small clouds with openings
predominate. With a growth of dimensions the probability of them
monotonously decreases. Aside from thils, according to measurements
with the narrow-angle detector random functions were subjected to
analysis, these random functions being a sequence of square pulses,
where level 1 corresponds to the presence of clouds and level 0 to
thelr absence. The autocorrelation function and the spectral den-
sity of such a function were found, and also their average value
(the average absolute cloud cover along the flight path) and dis-
persion. The autocorrelation function obtained coilncides with the
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autocorrelation function for fluxes of total radiation presented
in Fig. 4. The latter is entirely natural if we take into con-
sideration the fact that during the flight directly below the
clouds, because of the small amount of averaging, the notation of
the total radiation flux is very similar to a series of square
signals w1th "clear sky" and "cloud" levels.

-

V4
4 Fig. 6. Distribution of dimen-
o sions of clouds (1) and openings
(2) along the flight path in a

2L . case of cumulus cloud cover.

. ———-2
7 e

’ e J x,km

In conclusion we must direct attention to the fact that the
structure of the radiation field measured by a detector with an
angle of view of 180° depends strongly upon the distance from the
boundary of the cloud layer, in view of the different averaging
with respect to area. Therefore, only results obtained at the
same distances from the clouds may be compared directly with each
other. If the purpose is the study of the structure of the field
of clouds and the radiation field directly at its boundaries, it
1s advisable to use narrow-angle detectors, since in this case
the results are practically independent of the distarice between
the detector and the layer of clouds and we may freely compare
ground and aircraft data.
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STRUCTURE OF THE FIELD OF CUMULUS CLOUDS
Yu. R. Mullamaa, V. K. Pyldmaa, and M. A. Sulev

For purposes of studying the structure and distribution of /126
intra-mass cumulus clouds, at the IFA AN ESSR ground recording of
the coverage of the sky by clouds in the direction of the zenith
and the sun was conducted, and, jointly with the Ukr. NIGMI, air-
craft measurements of the presence of clouds in the direction of
the zenith (or nadir) on the flight path were performed. A corre-
lation and spectral analysis of the segments of cloud fields in
time and space was performed. The results of aircraft investiga-
tions are presented in [IV.22].

We may obtain an analytical formula for the autocorrelation
function of the process of the appearance of clouds in a section
of the cloud field. Under the assumption that the time or space
section of the cloud field was obtained by means of limitation of
fhe normal random function from the zero level, the autocorrela-
tion function has the form [1]

"(‘)-——: %arcsin ry(f), (1)

where r,(t) 1s the autocorrelation function of the normal random
process.

At the same time, the experlimentally determined autocorrela-
tions functions of the presence of clouds in a section (cross-
section) of the cloud field are well approximated by the formula

(2)

rt) = -25- arc sin e~a®),

As was noted in ref. [IV.22], the correlation function of the
total radiation in flights below the clouds coincides with the
function of the presence of clouds and openings at the zenith.
Consequently, formula (2) also describes the spatial autocorrela-
tion of the total radiation well in measurements directly below
cumulus clouds. We will also note that the total radiation at the
surface of the earth is also described by formula (2), but more
roughly, since the latter does not consider the variability of the
scattered radiation and the contribution of the direct radiation
arriving through the semi-transparent parts of the clouds [IV.20].

161



The spectral densities of the presence of clouds and openings,
calculated according to the autocorrelation functions in the range
of linear frequencies f from 0.12 to 2.4 min‘l, are well approxi=
mated by the formula (f) ~ f~K, where k varies within limits from
5/3 to 4/3. The dependence of k upon n, in steady-state fields iof

cumulus cloud cover 1s shown in Fig. 1. It is apparent that thé
exponent k turns out to be least at ng = 5. In considering clouds

as convective elements, we may compare the spectra obtained with

the spectra of the pulsations of turbulent fluxes in an inertial
sub-interval. It is interesting that in all the spectra of cumu- /127
lus clouds observed the exponent k i1s less than in an inertilial sub-—
interval [2]. The following hypothetical explanation of this fact

is possible. The steady-state field of cumulus clouds is main-

tained by the influx of external energy (basically by the latent

heat of condensation), which counteracts turbulent decay in the
inertial sub-interval. As a result, the exponent k decreases.

With a growth of cumulus clouds it must be less, and in decay

greater, in comparison with the values given in Fig. 1. However,

we must note that the exponent k is only slightly sensitive to the
growth and decay of cumulus clouds and the accuracy of its deter-
mination is low. Therefore, the use of it for determination of

the rate of development or decay of the fields of cumulus clouds

is scarcely probable.

X
B4
Fig. 1. Exponent k of the spectral

density as a function of the point
4 number of cloud cover at the zenith,
3

For the distribution characteristic of the duration of the
coverage of the zenith by clouds, the probability densities p(t)
of the relative number of openings or clouds were determined. The
latter demonstrate what fraction of the general number of openings
or clouds in a time or space cross-section has a duration t or a

length x.

The probability densities of the number of openings and clouds
obtained from the experiment are well approximated by the function

(3)

~at

PO =4 —

n (1 _ e—‘z:t) My °
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‘Formula (3) was obtained theoretically under the same assumptions
as formula (2), i.e., under the assumption that the normal random
process 1is simultaneously also a Markov process [3]. Formula (3)
is ina plicable at £t =+ 0. According to ground measurements at
ng = the value of o = 0.3 occurs.

Tﬂe experimentally determined probablility densities of the
number :‘bf clouds as a functlon of their duration are given in Fig.
2. Theﬁprobability densities of ground and aircraft measurements
coincidé if, on the average, 1 minute of ground measurements cor-
responds to 0.4 km in space.

An analogous picture is also observed for openings, if we
replace the average point number of the cloud cover by the average
probability of a freee sighting line. Short openings and small clouds
are encountered most frequently. Curves 1 and 2 characterizes cloud
cover to zenith sighting angles of 50°. At large zenith angles, the /128
lateral parts of the clouds [IV.22] play an important role. Under :
their influence the openings decrease, and the shortest of them
are overlapped, l1.e., the clouds join together, and the more so if
the sighting direction is closer to the horizon. For a comparison
in Fig. 2 the density of the number of openings at a zenith sighting
angle 9= 80° and n = 2 is shown.

-1
o(t),min 1
Q2 T y(x),km
...44
4’T.
T4
L 1 3 1
7 2 P ra V] 0P
4 w ¢ minZ
4 x,km 4
Fig. 2. Probability density of the
number of clouds and openings as a Fig. 3. Frequency of openlngs
function of their duration t or clouds as a function of
(length x). 1) average point number the point number of cloud cover
of cloud cover at zenith, ng=1; at the zenith.

2) no=9; 3) at a zenith sighting
angle 3=80° at ng=2.
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As is apparent, the distribution density of the number of
openings or clouds depends slightly upon the average point number of
cloud cover at the zenith. The frequency of openings or clouds,/y, i.e.
their number per unit of time in ground measurements or per unit of
length in aircraft measurements, is more sensitive to the varisation
of the point number at the zenith. Under the same assumptions as
formula (1), the frequency of the clouds and openings is expressed
by the formula

czl
Y (1) = 5 - exp [— arg erf | 1 — 2n, |17, O

where o, and o, are the square roots of the dispersions of the
normal random surface and its derivative. According to our meas-

o]
urements %F b AR 0.18. Fig. 3 demonstrates that the frequency is
z
at the maximum with a point number at the zenith of n, = 5. With

variations of the point number within limits from 1 to 9 the fre-
quency varies by up to a factor of two, in the first approximation
turning out to be symmetrical relative to ny = 5.

Thus, cumulus cloud cover may be modeled by a normal random /129
function, limited from below. A good agreement of such a model

with the experimental data is observed. Short openings and cross-
sections of clouds that are small in dimensions are most frequently

encountered. 1In this case the average number of clouds or openings
per unit interval is greatest at an average point number n, = 5 in
the direction of the zenith.
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ON THE TRANSMISSION OF SOLAR RADIATION BY :
STRATOFORMOUS CLOUD COVER AS A FUNCTION OF THE !
STATISTICAL CHARACTERISTICS OF ITS STRUCTURE

Yu. R. Mullamaa

The light regime in a light-scattering medium is connected
nonlinearly with the characteristics of the medium ordinarily used
in transport theory—the scattering and absorbtion factors,
the scattering indicatrix, and the optical thickness. As 4 conse-
quence of this, the description of the light regime of heterogene-
ous media by means of a transport equation with average characteris-
tics of the medium brings with it a systematic error that is fre-
quently impossible for the researcher to estimate.

In this work the transparency ¢ of the optically dense cloud
layer is considered, as a function of the variability of its opti-
cal thickness, caused by variations of the altitude of the lower
and upper boundaries, the absolute humidity, and the microstructure.
G. V. Rozenberg's formula for calculation of the transparency of
optically thick media [1] is well adapted for such a type of in-
vestigation:

o ==, . (1)

1 +ca(t+ 1)

where Y
1
cl='713—+llo or 01=<—3-+Po}[

1424
24+t — 4)p)

respectively, for the flux and intensity; C, = l%é, T and T are /130
the average optical thickness of the layer and its deviation from

the mean; A is the albedo of the underlying surface; % is a param-
eter characterizing the degree of elongation of the scattering
indicatrix; 1 and u are the cosines of the zenith angle of the

incident and scattered radiation, respectively. Formula (1),
strictly speaking, is applicable for a description of the propa-
gation of light in plane-parallel homogeneous optically thick
layers (T + T 2 5) along a horizontal. For the study of the fluc-
tuation of the transparency of real clouds according to formula
(1) it is required that the scales of the heterogeneities of the
cloud cover greatly exceed the length of the free path of a photon
in the cloud. The possibility of such an approach is provided by
the fact that the characteristic scale of the heterogeneities of
the cloud cover, as 1s well known, 1s considerably greater than

166



the length of the free path of a photon in the c¢loud. The small-
scale heterogeneities encountered in natural conditions in such a
consideration are smoothed out and averaged; in essence, consider-
ation of their contribution is a problem of the future. In the
analysis it is assumed that the optical thickness of the strato-~
form cloud cover, considered as a random function, is normally
distributed, which, apparently, is plausible, since the optical
thickness is formed under the joint effect of several randomly
varying parameters: the altitude of the upper and lower boundaries,
the absolute humidity, and the microstructure.

In these assumptions, the transparency density function 1s
expressed 1n the form

_ e 4 e _L_‘z]'
p ()= V2n co, 2 exP[ 22 (0'2 c: ) (2)

The transparency density distribution functions, depending upon
the average optical thickness and its dispersion, are given in
Fig. 1. 1In the calculations it was assumed that c, = 0.1 and

Uy = 0.5. As is apparent, the transparency density distribution

function is more asymmetrical if the dispersion of the optical
thickness is greater. In this case, the distribution function is
extended in the direction of larger values of the transparency.
With an increase in T, the maximum in the transparency distribution
shifts toward lesser values of & and the probability of the maximum
brightness increases. The transparency mode does not coincide with
the transparency at the average optical thickness, but is shifted
toward larger optical thicknesses, and the greater this is the
greater its dispersion and the less its average magnitude, i.e.,
Qmode < Pz-

In Fig. 2 the dependence of the difference At = T(Qmode) - T
upon the dispersion 02 at T = 15 is given. On the other hand, the -

optical thickness corresponding to the average transparency ? is
less than the average optical thickness t(3) < T.

As is well known, the average transparency and the dlspersion
of the transparency may be found according -to the formulas

§ ()

=—6’—¢)= =

OOy e

1
¢*p(9)d o— [é oo (0)d oT.
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Fig. 1. Transparendy distribution function.
a) T=30, o$=64; b) T=15, o§=64;
c) T=15, o§=16; d) T=15, o§=1oo.

However, expressions (3) do not integrate in the analytical form.

The average transparency and dispersion are expressed in
approximation in the form

! rg\2 2 (o 2
“-——Cl——:‘ 1 CZJE] =—(L’. | 10> (T) J._-\ y
©—1+<‘~zt[ + 1—{—627[ fl) (4)
e
¢ 1 | v
o= (2] (72 ) (5)
5@-‘<7> (1—,-(‘21’)

As is apparent from formula (4) the average transparency coin-
cides with the transparency at the average optical thickness only
in the limiting case, when the dispersion of the optimum thickness /132
approaches zero. -In all other cases it 1s greater than this would
be according to formula (1) at the average optical thickness.
Thus, by calculating the average optical thickness according to the
average transparency, we obtain systematically understated values.
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the dispersion oi at T = 15. deviation (2), and variability fac-

tor (3) of the dispersion of the
correction factor as a function of
the averaging alA].

The dispersion of transparency (5) in the first approximation
depends linearly upon the dispersion of the optical thickness and
is proportional to the fourth power of the transparency at the
average optical thickness.

In ground or aircraft measurements of the fluxes of radiation
by the detector, averaging is performed according to the region of
space not providing, generally speaking, for obtaining the averaged
values for the fluxes. We will find the dependence between the
thickness T2 and the transparency &b, averaged according to region
A, increasing from 0 to infinity.

Analogously with formula (4) we obtain

3t = o= U ehsiy), (6)
where

—A = N2
€A = —'"cz_'K" a'GEA =T — [(tA)Z — (%1

The dispersion O%A is a random function and, conséquently, the

A

functional connection (6) between T® and SA is random in nature.

By averaging oi , we obtaln the average magnitude of the /133
dispersion A

63A=5;—35A' (7)
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By substituting (7) into formula (6), we obtain the connection
between oA and TA at the average magnitude of the correction factor

" in brackets.

e LEENC N} (8

For estimation of the random nature of the functional connec-
tion in formula (6) we calculate the dispersion of the dispersion

O;A. Under the assumption that the optical thickness has a corre-
lation function of the form r(t) = e_alti, the dispersion of the

dilspersion ci is expressed, in approximation, as

5£A‘\°:[1.?uA'—'2<3ﬁ?1A>q (9)

or s,

2 -ad ) (10)

In Fig. 3 the dispersion ogz is given in units 02, the mean
TA
square deviation in units ci, and the variability factor

2

o’ N3i—3
O:A

A

3 )

As is apparent from Fig. 3, the random nature of the functional
connection (6) is greatest in averaging according to space A if
aA $ 1. With an increase in the averaging scale the random nature
of the connection (6) decreases slowly and with a decrease in scale

rapidly.

For cirrus clouds the factor in brackets in formula (4)
varies from 1.05 to 1.15. Consequently, in calculating the trans-
parency according to the average optical thickness we obtain re-
sults systematically decreased by 10%, on the average. In calcu-
lating the average optical thickness according to the average trans-
parency, we obtain a magnitude that is 20% less than the true value.

In summary, we note that for a description of the light regime
in fluctuating media, it 1s inadequate to know the average charac-
teristics of the medium. It is necessary to know their dispersions,
correlation functions, and, in the solution of certain problems,

also the distribution functions.
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By means of a method analogous to the one described, we may
obtain both the functional connections of the intensities or fluxes
of radiation with the fluctuating albedo or the parameters of the
extension of the indicatrix. By using the methods of moments, we /134
may analogously obtain also the connection between the correlation
functions and the spectral densitiles.
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ON THE COVERAGE OF THE SKY BY CLOUDS

0. A, Avaste, Yu. R. Mullamaa,
Kh. Yu. Niylisk, and M. A. Sulev

At the present time there are two basic opportunities of de-
termining the cloud cover: ground and satellite observations. In
ground observations, the quantity of clouds 1s expressed as the
fraction of coverage of an imaginary hemisphere with its center at
the point of observation. Since in the given case the quantity and
distribution of the clouds depend upon the vertical and horizontal
coordinates of the observation point, we will call the cloud cover
determined in such a manner "relative". A wildely used method is to
define cloudiness in terms of points on a scale, which are found
by multiplying the fraction of sky covered by 10. By projection
of the clouds on an imaginary sphere with its center at the
center of the earth (or, with a plane-parallel model of the
atmosphere, onto a horizontal surface), we obtain the so-called
absolute cloud cover. In other words, absolute cloud cover is the
quantity of cloud cover at the zenith over the territory under con-
sideration. Satellite photographs of clouds, which are obtalned
by means of photography at relatively small angles to the vertical,
give magnitudes that are close to the absolute cloud cover.

We should note that both ground and satellite observations of
the p01nt number of the cloud cover do not contain any information
concerning the dependence of the probability of coverage of the
sky by clouds upon the zenith sighting angle. At the same time, the
radiation regime of the atmosphere (such as, for example, the dura-
tion of sunshine, fluxes of scattered radiation, etc.) is determined
mainly not only by the quantity of the cloud cover, but also by the
thickness of individual clouds and by their distribution throughout
the sky.

Thus, the problem of the determination of various characteris-
tics of cloud cover and ascertainment of their interrelationship,
and also the selection of appropriate cloud characteristics for
determination of the radiliation field in the atmosphere, is a very
urgent one. For this purpose, a cycle of theoretical investiga- /135
tions was performed at the IFA AN ESSR.

The quantity of relative cloud cover, according to estimates
[1], in clouds of the lower and middle levels as a function of
their altitude, is practically entirely determined by the cloud
field with a radius of 15-25 km above the observation point.

Averaging throughout the sky on such scales turns out to be
inadequate for providing the stability of the magnitude of the
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relative cloud cover., With an approach to the layers of cloud
cover in observation from aircraft and balloons, the averaging
scale decreases and as a result the random variability of the rel-
ative point number increases. According to estimates performed

the deviations of the momentary values from the mean may reach as
much as *3 points [1]. Therefore, for reliable determination of
the average relative point number of the cloud cover, an additional
averaging of ground observations or spatial averaging according to
the results of observatlions from several points is required. In
other words, the cloud field as a whole is characterized only by
averaged values of the parameters being used. In a case of neces-
sity of the study of the variability of the cloud cover, we should
apply dispersion-harmonic analysis to it [IV.22-23].

Three calculation schemes are given below for determination
of the averaged values of the probability of coverage of the sighting
direction and the point number of the relative cloud cover as a func-
tion of the absolute cloud cover and as a function of the nature of
the distribution of the clouds throughout the sky.

In all these models, the following assumptions were made: the
atmosphere is plane-parallel, the field of cloud cover is homogene-
ous and isotropic, the height of the lower boundary of all the
clouds in the cloud system is the same.

In model I [2,3] an additional assumption was made, that the
cloud is approximated by cylinders with a base radius q and a thick-
ness h, which on the plane of the lower boundary of the clouds are
distributed according to Poisson's law.

In model II [4] the clouds are approximated by straight cylin-
ders with an arbitrary configuration of the bases. The distribu-
tion of them on the plane of the lower boundary of the clouds is

arbitrary.

In addition it is assumed that the horizontal and vertical
dimensions of the clouds, and also the distance between them, are
independent of each other. This assumption is made for the purpose
of simplification of calculation formulas; in principle it is pos-
sible to derive formulas of model II for a case when the geometri-
cal characteristics of the clouds depend upon each other.-

In model IITI [5] the clouds are modeled by a continuous random
Gaussian surface, bounded at a certain level from below.

We will give the calculation formulas for determination of
the averaged values of the probability of coverage of the direction
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of sighting (a®) and the relative cloud cover (n) for vari /136
As is well known, nd and N are associated with(egch othe? igstﬁgdels____

following manner:

/3

no= Sﬁ,,sini}dﬁ. (1)

The_quantities ﬁﬂ and n in model I are calculated according
to the formulas

fig 1 -—oxp| -'rp(nq"‘-l 2gh tg B, (2)
fi = ng— (1 — ng) G (K), (3)

where n, is the quantity of the absolute cloud cover over the plane
under consideration; Yp is the density of the centers of clouds
distributed on this plane according to Poisson's law (Yp is func-

tionally connected with the point number of the clouds [6]1);: q is

“

the radius of the clouds, h is the thickness of the clouds, ahd
# is the sighting angle.

The parameter k is determined as the statistical average ac-
cording to the formula

I = 2y (4)

and G () =T o) — Yo (),

(5)

where Ho(k) is a zero-order Struve function; Yo(k) is a second-level
zero-order Bessel function (a Weber function).

In model II for determination of n® the following formula was
obtained

ng +=—= 1 — 1) dl — higd dl,
o r§p<e) ththa(z g 9) p Q) (6)

where vy 1s the frequency of the clouds upon the route being inves-
tigated (the average number of the clouds per unit of length);
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p(&) is the probability density of cloud openings (g); p(h) is
the probability density of the vertical thickness of the clouds.

In model IIT n9 is calculated in the following manner:

o = 10D (— g LV (8) — 11} — exp {— o [V (8) — 11}, (7)
where { N s . : i
N (8) = - erf cg,_ 2 ) _ctg-ﬁ
®) =zl T T Vo age e"p[ 252 |’ (8)

where 02, is the dispersion of the derivative from a normal random

surface; erf is the probability integral.

In models II and III the relative cloud cover n is obtained
according to formula (1).

The models I-III given above contain parameters determined
experimentally.

In model I: n, is the absolute cloud cover, p(q) is the /137

probability density of the cloud elements, p(h) is the probability
density of the thickness of the clouds.

In model II: vy is the frequency of the clouds in a cross-
section of the track under consideration, p(g) is the probability
density of cloud openings, p(h) is the probability density of the
thickness of the clouds.

In model IIT: n, is the absolute cloud cover, oi, is the

dispersion of the derivative from a random surface.

Let us compare the models developed.

An advantage of models I and II should be considered, the
fact that they make it possible to follow the effects of the in-
fluence of the geometrical structure of the cloud field on the
magnitude of the relative cloud cover easily. Model I makes it
possible to derive analytical formulas for calculation of the
probability that in the direction ¢ in the solid angle & there is
not one cloud element [3]. In model II the calculation of the
quantity fig is performed on the basis of values of v, p(2), and

p(h) assigned or experimentally determined without any sort of
limitation relative to the distribution of the clouds. An
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advantage of model III is the quite general form of the cloud
field—a random Gaussian surface.

The results of the calculations according to the three models
explained colncide with an accuracy up to the errors of measurement
of the initial parameters.

Among the shortcomings and limitations of the methods we
should note:

1. Models I and II use a quite rough approximation of the
clouds by straight cylinders. In model I, in addition, it is
assumed that the bases of the cylinders are circles.

2. In models I and II the probability density of the thick-
ness of the clouds p(h), which it is difficult to determine ex-
perimentally, enters into the initial parameters. However, this
difficulty may be overcome by using the dependence between the
dimensions of the bases and their thickness from the experimental
data [3] or by using the average thickness of the cloud system
[4], with a judicious selection of which the errors are very small

C4].

Model I gives slightly exaggerated results at ng, > 0.6. This

is caused by the fact that cumulus clouds are not randomly distri-
buted, as is assumed in the Poisson model, but correlation depend-
ences are observed (for example, the so-called cloud series, a
cluster of clouds at large relative coverage, etc.). On the other
hand, with a limiting decrease of the point number of cover at the
zenith (n, -+ 0) the cloud elements obtained theoretically by limi-
tation of"the random Gaussian surface from below are distributed
in space according to Poisson's law. The latter explains the good
agreement of all the models at small values of Ng-

In model III a certain difficulty arises in the determination
of the dispersion og', which is calculated indirectly according

to formula (7) on the basis of experimental data for no and n

However, it turns out that the dispersion of the derivative from

a random Gaussian surface is 1.4 on the average and increases
igsignificantly with a growth of the absolute cloud cover. If /138
oz,'is assumed to be independent of the point number nys then -

oz, becomes a constant which can be much more readily deter-

mined. In this work 02, was determined with the use of photographs

of the sky obtained by means of a spherical mirror. The observations
were performed at Tyraver (near Tartu) and near Moscow (at Zveni-
gorod) [IV.20]. 77
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Fig. 1. Average coverages of the
direction of sightings by clouds
according to formula (2) at mag-
nitudes of relative cloud cover
of 0.1-0.7 as a function of the
zenlth angle.

In Fig. 1 the averaged values of the coverage\of the sky are
given as a function of the zenith angle and the sighting angle at
magnitudes of the "relative" cloud cover from 0.1 to 0.7. These
curves were calculated according to formula (7) at Og, = 1.4, It

is apparent that the coverage of the direction of sighting begins
to increase considerably, beginning with a zenith angle of about
50°. According to investigation [4] (model II in this work) a
curve resembling the one given in Fig. 1 was obtained with an
average thickness of the clouds of about 0.1-0.2 km.
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Fig. 2. Dependence of the averaged
magnitudes of the relative cloud
cover upon the magnitudes of the
absolute cloud cover.

Curves are results of the calcu-
lations for a theoretically as-
signed function p(R) at two vari-
ations of the vertical thickness
of the clouds (0.1 and 1 km);

1) results of the calculations
according to experimentally de-
termined magnitudes of y and p(%);
2) the same magnitude, calculated
according to method I [formulas :
(3)-(5)]; 3) h=1.0 km; 4) h=0.1 km.

The determination of the dependence of the averaged values
of the relative cloud cover n upon the magnitudes of the absolute
cloud cover according to various calculation schemes (models I-
III) demonstrates that the magnitudes of n are always greater
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than the corresponding magnitudes of Ng- These divergences are

the maximum at medium point numbers of the cloud cover and depend
considerably upon the vertical thickness of the clouds. As an

example, in Fig. 2 the magnitudes of the "relative" cloud cover,
averaged according to various routes, as a function of the quanti-

ty of the absolute cloud cover (according to model II [4]), are
presented. The curves represent the results of calculations ac- (/139
cording to formulas (1) and (6) under the assumptions that h = .
= const and p(%) = const for two variations of the vertical thick-
ness of the clouds (h = 0.1 and h = 1 km). The results of the
calculations according to the experimentally determined functions

pl L) are plotted by dots. In this case it was assumed that the
vertical thickness of each cloud on the plane of the cross-section

is equal to the length of its horizontal dimension. In the given
case the averaged magnitudes of the relative cloud cover exceed

the corresponding magnitudes of the absolute cloud cover by 2-3
points on the average. This 1s also confirmed by calculations ac-
cording to model I. According to model III maximum divergences of
about 1.5 points were obtained.

We should emphasize that the averaged magnitudes of the "rel-
ative" cloud cover are determined mainly by the value of the fre-
guency of openings [y in formula (6)] and to a much lesser degree
than this whether the cloud openings are the same or differ strong-
ly from each other [4]. Consequently, in calculations according
to model II reliable data are required for the determination of
Y and the function p(%) is determined only tentatively. This cir-
cumstance considerably simplifies the accumulation of experimental
initial data for the calculation.

We will now summarize.

Within the limits of the accuracy of the determination of
initial experimental parameters, calculations according to the
three methods explained coincide, and therefore the selection of
one method or another in each specific case is determined basically
by the available experimental data and by the.purposes of the in-
vestigation. The parameters of model III are determined more
easily from the experiment than the parameters of models I and II.

In cumulus clouds, the coverage of the direction of sighting
by the clouds begins to increase considerably at zenith distances
8 > 50°. As a consequence of this, for example, the duration of
sunshine decreases with a decrease in the altitude of the sun,
with an unchanged state of the cloud cover.
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A point number of cumulus cloud cover, measured from an
artificial earth satellite, is always less than the relative
point number at the earth's surface, which it is necessary to
bear in mind in the use of satellite data for ground conditions.
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CONCLUSION

We will 1ist the basic results of the theoretical and experl— /140
mental investigations described. ,

I. Long-Wave Radiation

Various integral transmission functions of the gaseous compo-
nents of the atmosphere are compared, which are used in radiation
calculations, and a new transmission function constructed on the
basis of more complete spectral data [I.1].

It was ascertained that in the most important range of the
masses of the underlying substances all the transmission functions
agree with an accuracy of up to 10%.

The integral transmission function for a cloudy atmosphere,
cloud’ considering absorption by cloud particles and atmospheric

gases at a given space-time distribution of the density of gases
and the absolute humidity, was calculated. By means of ®cloud it

became possible to dispense with prior assumptions concerning black
radiation of the cloud boundaries, to consider the variation of

the radiation field in the process of the origin, development, and
destruction of clouds [I.2,I.3], and the continuous spatial distri-
bution of the fluxes. Powerful heat (radiation) sources inside

the clouds near their boundaries were investigated, which is im-
possible in the "black" approximation, and also other characteris-
tic regions of the radiation influx, depending upon the factors

determining them [I.2 and I.3].

It was ascertained that the "black" approximation describes
influxes near the cloud boundaries (outside the cloud) with an
error of the order of 50%; as the distance from the cloud increases
the error rapidly decreases. The influx to the entire column of
the atmosphere or to the entire column of the layer over the cloud
in this approximation is calculated with an error not exceeding
10%Z, and the influx to the cloud layer with an error not exceeding
20%; the relative error of the calculation of the influx to the
entire layer below the cloud is very great, which is not too es-
sential since this influx is small [I.3] at Z, g £ 5 km.

Special attention was paid to the calculation and investiga-
tion of the behavior of the influx to thick atmospheric layers,
in accordance with small vertical resolution in problems of the
general c¢irculation of the atmosphere. It was ascertained that /181
the cloud layer as a whole is a high-capacity heat sink, providing
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approximately half or more (in multi-layer cloud cover) of the
general radiation cooling of the atmosphere [I.1l].

Much attention is devoted in this collection to approximate
methods of calculating thermal radiation in comparison with more
accurate methods [I.3,4,5]. Formulas were proposed for descrip-
tion of the structure of local heat (radiation) sources at the
cloud boundaries, their general heat content, and also the influx
to the entire layers below the cloud, in the cloud, between the
clouds, and above the clous [I.3]. The error of the formulas in
individual cases may reach 50%, but, however, they are attractive
for their simplicity and physical clarity. In [I.4] approximate
algorithms for calculating long-wave radiant fluxes and the influx,
obtained from physical and mathematical considerations, were studied.
In [I.5] calculations according to these methods are compared wilith
more accurate methods using integral and spectral transmissions
functions and thus the sequence of methods of decreasing accuracy
(at a known error) and increasing simplicity is established.

Natural limitations of the accuracy of radiation calculations
originate because of errors of measurement of the meteorological
field. In [I.6] it was demonstrated that the contemporary accuracy
of measurement of temperature is adequate for calculation for the
long-wave radiant influx to the troposphere and the lower strato-
sphere with an error not exceeding 10%. Such an error i1s provided
by the accuracy of measurement of the humlidity in conditions of
the lower troposphere. The error of calculation of the influx at
higher levels rapidly increases due to imperfect methods of meas-
uring the humidity. In conditions of broken cloud cover, the values
of the radiation fluxes depend upon the horizontal distribution of
the clouds.

As a consequence of the great degree of blackness, of even very -
thin clouds (with an absolute humidity of 0.03-0.05 g/m3) the basic
parameter of cloud cover in calculations of fluxes of long-wave
radiation is the quantity of clouds. In this case, calculation
of counter-radiation with an error less than 3% requires a knowledge
of the zonal number of points of cloud cover, i.e., the detailed
distribution of the clouds throughout the sky [I.7j. Calculations
on the basis of data concerning the general number of points of
cloud cover guarantee an error of the determination of the counter-
radiation of the atmosphere of the order of 5-10% as a function of
the nature of the distribution of the clouds throughout the sky.

In [I.7] possibilities of the determination of averaged values
of the counter-radiation of the atmosphere (with respect to time
or with respect to a certain territory) are considered and the
accuracy of the methods proposed is estimated.
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For check and confirmation of the results of the numerical
experiments and theoretical investigations performed, long-wave
radiant fluxes in the 50-3000 m layer were measured in St-Sc clouds
with a detailed resolution with respect to altitude [I.8].

The measurements were conducted onboard aircraft by means of /142
two types of instruments: a standard actinometric apparatus and
radiation thermal elements designed by B. P. Kozyrev. The mean
square deviation of the results of measurements in both cases did
not exceed 10%, on the average. The measurements demonstrated the
good convergence of the average profiles of the influxes calculated
according to averaged data from measurements of the temperature,
relative humidity, and absolute humidity, and according to averaged
data from measurements from the fluxes. A systematic difference
was observed between the measured and calculated fluxes above the
clouds, which did not appear in the influxes.

ITI. Short-Wave Radiation

The behavior of fluxes of visible solar radiation, 0.4 £ X <
£ 0.75 micron, and infrared solar radiation, 0.75 micron < A £ 4 microns
is considered, and also direct and scattered solar radiation, in
cloudless conditions at the level of the earth's surface as a function
of the turbidity (pollution) and humidity of the atmosphere [II.10].
The total solar radiation flux arriving at the surface of the earth
varies by not more than 30 and 15% with variation of the turbid-
ity and humidity of the atmopshere, respectively, within limits of
possible climatic variations of these quantities. The distribution
of the influx with respect to altitude was investigated, as a func-
tion of the content of water wvapor and its distribution. Approxi-
mation formulas were obtalined for the total flux of solar radiation
arriving at the surface of the earth, and the influx in the free
atmosphere with consideration of the wvariation of pressure accord-
ing to altitude.

The same results and methods of the calculation of the fluxes
and influxes of solar radiation may be used in stratoform cloud
cover if the albedo of the clouds is known. Calculation of the
non-monochromatic albedo in the infrared range of wavelengths with
consideration of absorption by the gaseous components is a difficult
task. The solution of this problem within the framework of the
classic theory of radiation transfer is impossible, since the de-
termination of the true length of the path of the photons in the
cloud is required. The first results of a work performed in this
direction are presented in [II.11]. The values of the albedo in
the basic bands of the absorption spectrum of water vapor and the
integral albedo in a case of dense clouds with normal incidence
of the sunbeams were calculated. The quantity of the solar radia-
tion absorbed by the cloud layer was determined.
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Experimental investigations of the structure of the short-
wave radiation field in stratoform St and Sc clouds are presented
in [II.12,13]. In these works the averaged vertical profile of
the balance of radiant fluxes and the influx in the clouds was
obtained. The average reflection and absorption capability of
the clouds was experimentally determined, as a function of the
thickness of the cloud layer and the position of the sun.

In broken cloud cover the dependence of the flux of direct
solar radiation upon the zonal number of points of cloud cover in
the angular zone containing the sun is ascertained, and the depend-
ence of the scattered radiation upon the general relative number /143
of points of cloud cover [II.19,21]. The duration of sunlight as ~
a parameter of cloud cover more representative than the number of
points with relationship to the average fluxes of direct radiation
and total radiation is considered [II.21].

ITT. Turbulent and Radiant Heat Transfer in the Boundary
Layer of the Atmosphere

As is well known, the boundary layer of the atmosphere (up to
the level of the formation of clouds) may be heated by radiation,
turbulence, and advective influxes of heat. 1In order to ascertain
the significance of each of these factors, they were measured in
the 50-500 m layer from onboard an aircraft in conditions of well-
developed convection [III.14,15].

It turned out that all the types of heat transfer listed give
an influx of the same order of magnitude. Together with this the
equation of heat transfer, as a rule, does not close. Additional
investigations and works to increase the accuracy of the measure-
ments of each of the components of heat transfer were required.

In particular, a methodology was developed and for the flrst time
measurements were made of the spectra of turbulent heat fluxes in
the boundary layer of the atmosphere. The results of these measure-
ments made it possible to estimate the scales of the heterogenei-
ties responsible for the turbulent heat transfer and to determine
the requirements imposed upon the frequency characteristics of the
measuring apparatus and the necessary averaging time in such a type
of measurements [III.147.

It was demonstrated that the spectra of turbulent heat fluxes
in well-developed convection over the steppe in the 50-500 m layer
have maxima corresponding to the dimensions of the heterogenei-
ties from 300 m at an altitude of 50 m and up to 1100 m at an
altitude of 500 m [TIII.14].
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For the determination of radiation heat influxes in a thin
layer, the accuracy of existing methods 1s inadequate, in connec-
tion with which the development of a modulation method of measure-
ment of the balance was begun.

Measurements of radiant short-wave and long-wave fluxes in
the boundary layer over the steppe and the sea [IIT.15] in well-
developed atmospheric pollution made it possible to estimate the
radiation variations of the temperature and to divide the absorp-
tion of solar energy by water vapor and by the aerosols roughly,
in approximation. The latter turned out to be comparable with the
former and in certain cases was predominating.

It was observed that at a high degree of superheating of the
soil (of the order of 20-30°) relative to the air at the surface
of the earth, which is characteristic for summer ground conditions,
the long-wave radiation heats the entire boundary layer directly,
and in this case heating by solar radiation decreases. A hypothe-
sis was advanced concerning the regulating role of the aerosol in
the ratio between long-wave and short-wave heat transfer in the

surface layer.

IV. Statistical Structure of Radiation Fields in Clouds /1bA4

Real cloud cover is heterogeneous in space, variable in time,
and may be considered as a random process, in connection with which
the radiation field also becomes random.

An especially important task 1s study of the statistical
structure of the radiation field in cumulus clouds and its para-
metrization. The fact is that medium-scale cumulus clouds may be
considered in problems of large-scale dynamics only on the basils
of statistical connections with other meteorological fields. Also,
obviously, the corresponding radiation field must be described.

For the solution of this problem a cycle of ground operations
was performed for recording the variability in time of the fluxes
of short-wave radiation and the characteristics of cloud cover

[IV.16-21,23].

For the study of the spatial variability of the total short-
wave radiation flux and the reflected short-wave radiation flux
over and under the clouds and the structure of the cloud cover,
investigations aboard aircraft were conducted [IV.16-23].

The time and space series of values of radiation fluxes and
the characteristics of the cloud cover obtained were considered
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as realizations of the random functions and subjected to statistical
analysis on a digital computer. The average values, dispersions, cor-
relation functions, spectral densities, and distribution functlons
of the probability density, as well as the variabllity factors,
were calculated. The accuracy of the statictical characteristics
obtained was estimated. Thus, in measurements of radiation fluxes
in the atmosphere in conditions of a relatively homogeneous cloud
cover of St, As, Ac, Sc, averaging of not less than 20-60 minutes-:
is required in ground measurements and not less than 15-40 km in
aircraft measurements [IV.16,18]. An adequate increase in the
scales of space and time averaging makes it possible to decrease
the dispersion of the mean by an order of magnitude [IV16-18,22].
In cumulus cloud cover the necessary averaging scale is located
within limits of 40-100 min and increases with the increase in the
number of points of the cloud cover. The averaging scales and
measurements of the vertical profile of the radiatlion fluxes must
be of the order of 100 km, which exceeds the technically realistic
scale. As a result, with an adequately high degree of accuracy

we succeed in constructing only the experimental radiation model
of the "average stratoform cloud" and achieve a good agreement
only with calculations also based on averaged profiles of tempera-
ture, relative humidity, and absolute humidity [I.8, II.l2].

For determination of the dispersion, correlation function,
and spectral density, longer realizations are required. In cumulus
cloud cover the optimum duration amounts to 1.5-2 hours, 1n stratus
cloud cover of various forms 2-4 hours, and sometimes up to 10
hours [IV.17,20]. The necessity of such a long period of observa-
tion or corresponding spatial scales sometimes makes it impossible /145

to study the radiation fileld in clouds within the framework of the
theory of steady-state random functions.

Investigations of the structure of total radiation fluxes at
the earth's surface [IV.19,21] demonstrated that the dispersion
of the flux in cumuliform clouds exceeds the dispersion in strato-
form cloud cover by almost an order of magnitude. The dispersion
of the fluxes in intra-mass cumulus cloud cover is the maximum at
a medium number of points of cloud cover. The probability densi-
ties of the total radiation strongly depend upon the number of points
of cloud cover. In continuous cover (overcast) the distribution
of the probability density has a monomodal form and with a lesser
number of points of cloud cover, a bimodal form. The proximity of
the autocorrelation functions at a higher number of polnts of various
forms of cloud cover is a general rule. The autocorrelation func-
tions of direct and total radiatlion also turn out to be very close.

By means of alrcraft measurements we succeeded 1n accumulating
adequate material for the study of stratocumulus and cumulus clouds
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[IV.22,23]. The structure of the fluxes, because of different
averaging throughout the area, depends upon the distance of the
radiation detector from the cloud layer. Usually in aircraft
measurements the averaging throughout space is less than in ground
measurements with respect to time, and therefore the dispersion of
the fluxes 1s greater and the correlation decreases more rapidly.
Nevertheless, the characteristics of the radiation fields and
cloud fields, obtained according to aircraft and ground measure-
ments, are close, and supplement each other [IV.16]. TFor cumulus
cloud cover the dependence of autocorrelation functions and dis-
tribution functions of the probability density and the spectral
density upon the number of points of cloud cover was studied in
detail.

The dependence of the statistical parameters of the radiation
field upon the duration of sunshine was considered [IV.20].

It was demonstrated that this parameter is not identical to
the number of points of cloud cover, as this is usually assumed in
meteorology, and contains in itself more information concerning
the radiation properties of the clouds than a point of cloud cover.

The structure of the cloud flelds was studied in greatest de-
tail for a case of intra-mass cumulus cloud cover [IV.20,23,25].
The optical properties of the atmosphere in cumulus cloud cover
are determined not only by the quantity (points) of clouds, but also
by their thickness (vertical development), distribution throughout
the sky, dimensions, etc. Because of the considerable vertical
dimensions of cumulus clouds, the probability of coverage of the
sky begins to increase essentially at a zenith distance of the
order of 50°, which leads to a decrease in the duration of sunshine
with a decrease of the altitude of the sun, with an unchanged state
of the cloud cover. Theoretical models were constructed for cal-
culation of the coverage of the sky in the sighting direction [IV.25]
which agree well with the experiment [IV]. The time and space re-
currences of the coverage of the sun by clouds in the direction of
the zenith demonstrate that small openings and short cross-sections
of the clouds are most frequently encountered. In this case, the /146
average number of clouds or openings per unit of length is great-
est at a medium number of points of cloud cover in the direction
of the zenith. Autocorrelation for recurrence of the clouds de-
creases much more rapidly than for total radiation. In the fre-
quency range from 0.06 to 1.2 min‘l, or from 0.15 to 3.0 km™, the
spectral densities are well approximated by a power function, and
the exponent is the maximum at a medium number of points [IV.23].
The noticeable role of the semi-transparent parts of cumulus clouds
in the formation of the total radiation flux was ascertained [IV.20].
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& the basis of experimental investigations, the effects of
the quantity and distribution of cumulus cloud cover throughout the
.8ky on the averaged magnitudes of the counter-radiation of the
atmosphere [I.7] were calculated.

The effect of fluctuations of the optical thickness of cirrus
cloud cover on radiatlion transmission was theoretically consldered
[IV.24]. 1In a fluctuating thickness of the cloud cover the radia-
tion transmission is greater than in a homogeneous layer having
the same average optical thickness.

189



ABSTRACTS OF ARTICLES

UDC 551.521 - /149

"Integral Function of the Transmission of Thermal Radiation" "7

Gradus, L. M., Kh. Yu. Niylisk, and Ye. M. Feygel'son, Collection:
Teploobmen v atmosfere, "Nauka", 1972, p. 1.

The integral transmission function in a cloudy atmosphere,
considering the distribution of the absolute humidity of clouds 1n
space and time, and also that of the gaseous absorbing substances,
was obtained and presented by approximation formulas. If there
are no clouds, this transmission function is one of the variations
of an integral transmission function for water vapor and carbon
dioxide gas, constructed according to somewhat refined initial
data and compared with other transmission functions used in cal-
culations of radiant fluxes. 1 table, 1 illustration, 5 references.

UDC 551.521; 551.576
"Features of Long-wave Radiation Influx in Stratoformous Cloud Cover

(Numerical Experiment)", Petrova, L. V. and Ye. M. Feygel'son,
Collection: Teploobmen v atmosfere, "Nauka", 1972, p. 7.

The vertical profile of the long-wave radiant influx of heat
in the troposphere is calculated as a function of the levels of
arrangement, thickness, and quantity of cloud layers, of the dis-
tributions of temperature and relative humidity, of the distribu-
tion of the absolute humidity of the clouds, and of the average
dimensions of the drops. The numerical experiment performed made
it possible to study separately the role of each of the factors
listed with the others preserved as constants. The structure of
the radiation cooling and heating near the cloud boundaries inside
the cloud was studied in detail. It was demonstrated that the
radiation energy effect of weak cloud cover is not small with an
absolute humidity that is an order of magnitude less than the
average absolute humidity of stratoform clouds. 1 table, 3 illus-
trations, 6 references.

UDC 551.521
"A Cloud as a Heat Sink", Ye. M. Feygel'son, Collection: Teploobmen
v atmosfere, "Nauka", 1972, p. 16.

A cloud layer resembles a heat sink because its radiation
cooling is great, amounting to approximately half the general cool-
ing of the entire column of the atmosphere, and depends slightly
upon the thickness of the cloud. It is demonstrated that cooling
is basically concentrated near the upper boundary of the cloud
layer and is partially compensated by heating near the lower bound-
ary. Simple and physically clear approximate formulas were ob-
tained for calculation of radiant influxes to the boundary layers
of the cloud, to the entire column of the cloud layer, the layer
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above the cloud, and the layer below the cloud. The error of the
assumption of the equivalence of the cloud to black radiation was
estimated, and the boundaries of the applicability of this approxi-
mation were determined. 1 table, 2 illustrations, 6 references.

UDC 551.521

"Some Approximate Methods of Calculating Radiant Heat Transfer in
a Cloudless Atmosphere", Ginzburg, A. S. and Ye. M, Feygel'son,
Collection: Teploobmen v atmosfere, "Nauka", 1972, p. 26.

Simplified methods of calculating the fluxes of long-wave
radiation and influx of heat are discussed in connection with large-
scale problems of dynamic meteorology. The calculation method con-
sidering heat transfer with the underlying surface and cooling in
space is considered, and also a method based on the assumption of
the §-shaped nature of the second derivative of the transmission
function. It is indicated that these methods may be extended to
a case of cloud conditions. 3 references.

UDC 551.521

"Comparison of Various Methods of Calculating the Fileld of Long-
wave Radiation", Ginzburg, A. S. and Kh. Yu. Niylisk, Collection:
Teploobmen v atmosfere, "Nauka", 1972, p. 30.

Results of successively more simplified calculations of fluxes
and influxes of heat are compared with data from spectral calcula-
tions. For three models of the atmosphere, fluxes of long-wave
radiation at levels 0, 1, 2, 4, 6, and 10 km, and influxes of heat
to the kilometer layers throughout the entire column of the tropo-
sphere are given. Possible sources of errors of various methods
are considered and the magnitudes of these errors are estimated _
and also the general errors of the method. 1 table, 8 references.

UDC 551.521

"Estimate of the Error in Calculation of Fluxes and Influxes of
Thermal Radiation due to Errors of Initial Meteorological Parame-
ters", Niylisk, Kh. Yu., Collection: Teploobmen v atmosfere,
"Nauka", 1972, p. 39.

An estimate was made of errors of calculation of fluxes and
influxes of thermal radiation of the atmosphere originating as a
consequence of errors of the initial meteorological data. It i1s
demonstrated that the accuracy of measurement of the atmsopheric
temperature that can be achieved at the present time is entirely
satisfactory for calculation of integral radiation fluxes, but,
however, it is necessary to increase the accuracy of the measure-
ments of the characteristics of relative humidity. 2 tables,

6 references.
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UDC 551.576 /150
"On Calculations of the Thermal Radiation of the Atmosphere in
Broken Cloud Cover", Niylisk, Kh. Yu., Collection: Teploobmen v
atmosfere, "Nauka", 1972, p. U46. '
Possibilities of the calculation of fluxes of counter-
radiation of the atmosphere in broken cloud cover are considered
and analyzed. Simple formulas are proposed for determination of
averaged values of fluxes of the thermal radiation of the atmo-
sphere throughout a territory. 5 references.

UDC 551.521.3

"Vertical Profiles of Fluxes of Long-wave Radiation in a Cloud
Atmosphere (Measurements and Calculations)", Goysa, N. I., V. D.
Oppengeym, and Ye. M. Feygel'son, Collection: Teploobmen v atmos-
fere, "“Nauka", 1972, p. 50.

The results of a series of measurements of long-wave radia-
tion fluxes and effective radiation in c¢loud conditions from an
aircraft in the daytime are given, as obtained by means of radia-
tion thermoelements and a Yanishevskiy balance gauge. On the
basis of 25 vertical profiles of the effective radiation in single-
layer St clouds an experimental radiation model of the "average
stratoform cloud" was constructed. Calculations were made of the
radiation fluxes and influxes by means of an integral transmission
function of a cloudy atmosphere, and results of the calculations
were compared with data from measurements. 1 table, 1 illustra-
tion, 7 references.

UDC 551.521.3
"Transfer of Solar Radiatlon in the Atmosphere", Avaste, 0. A.,
Collection: Teploobmen v atmosfere, "Nauka", 1972, p. 5%4.

A brief survey is given of the basic results in the investi-
gation of fluxes and influxes of short-wave radiation obtained by
the author in 1960-1969. The method of calculation of the fluxes
and influxes in a cloudless and a cloudy atmosphere 1s considered.
The results of calculation of the geographical distribution of
the diurnal sums of direct solar radiation absorbed are given.

It is demonstrated that in the use of the average value of the
cosine of the zenith angle of the sun for a given calendar day
the errors (in winter) in the high latitudes reach 60%. In the
presence of continuous cloud cover (overcast) the absorption of
short-wave radiation in the cloud layer, layer above the cloud,
and layer below the cloud was estimated. In the layer below the
cloud considerably less solar radiation is absorbed than in the
same layer in a clear sky. Formulas are given for calculation

of the average flux and influx of solar radiation in broken cloud
cover. 5 tables, U4 illustrations, 15 references.
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UDC 551.521.3

"On the Calculation of the Integral Flux and Influx of Solar
Radiation", Avaste, 0. A., L. D. Krasnokutskaya, and Ye. M.
Fey%el'son, Collection: Teploobmen v atmosfere, "Nauka", 1972,
p. 607.

The dependence of the flux of solar radiation striking the
earth's surface upon the pollution of the atmosphere and the con-
tent of water vapor was investigated. The visible and infrared
regions of the spectrum are considered separately. Approximate
formulas are given for calculation of this flux and the correspond-
ing influx in cloudless conditions. 1 table, 2 illustrations,

5 references.

UDC 551.521

"Reflection, Transmission, and Absorbtion of Radiation by Clouds
in the Absorbtion Bands of Water Vapor", Krasnokutskaya, L. D.,
and L. M. Romanova, Collection: Teploobmen v atmosfere, "Nauka",
1972, p. 72,

The spectral and integral albedos, transmission, and absorp-
tion of the solar radiation by a homogeneous, monodispersed strato-
form cloud in the infrared region of the spectrum, 0.7-3.5 micron,
were calculated. For the calculations, the distributions of light
departing from the cloud were used, along the path, and also ex-
perimentally obtained transmission functions of water vapor. The
quantities indicated were obtained for an optical thickness of
the cloud TO = o, 30, 20, and densities of water wvapor pv = 1

and 5 g/m3. 2 tables, 17 references.

UbC 551,501:52
"Average Vertical Structure of the Field of Short-wave Radiation
in Stratoform St and Sc¢ Cloud Cover", Goysa, N. I. and V. M, Shoshin
Collection: Teploobmen v atmosfere, "Nauka", 1972, p. 92.

According to data from actinometric sounding of the lower
troposphere (up to 3 km) in the presence of single-layer stratus
and stratocumulus clouds (25 cases) averaged vertical profiles of
the absolute humidity, transmission, and absorption factors of
short-wave radiation, short-wave albedo, balance of short-wave
radiation, radiation influxes of heat, and rates of radiation
heating due to short-wave radiation in the cloud-forming layer
containing the "average" stratoform cloud were constructed. It
was demonstrated that the basic parameters are: the thickness
(vertical development) and absolute humidity of the "average" cloud,
which agree well with the statistical characteristics obtained by
other authors on the basis of a large volume of material from ob-
servations. The profiles of the radiation characteristics indi-
cated above were obtained for an ideal case (albedo of the under-
lying surface equal to zero) and for individual real values of
the albedo. 3 tables, 1 illustration, 4 references.
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UDC 551.501:52

"Experimental Investigations of Fluxes of Solar Radiation in.the /151

Lower Troposphere in St and Sc Clouds", Goysa, N. I. and V. M.

Shoshin, Collectlon: Teploobmen v atmosfere, "Nauka" 1972, p; 78
Data from 112 vertical soundings of St-Sc cloud layers are

analyzed. A quantitative characteristic of the dependence of the

albedo, relative transmission, effective absorption capability,

and also the attenuation factor, scattering factor,- and absorption

factor upon the basic parameters of the cloud cover: vertical,

development, water reserve, and upon the altitude of the sun, hgs

was obtained. The diurnal rate of radiation heating of St-S¢ as
a function of their vertical development in the cold season of
the year at latitudes of 45, 50, and 55° was estimated. A cloud
with a vertical development of 350 m is heated due to absorption
of short-wave radiation by 0.4 degree/day in December and by 3.5
degrees/day in April at a latitude of 55°, the corresponding mag-
nitudes at a latitude of 45° amount to 1.0 and 4.0 degrees/day,

6 tables, 2 illustrations, 19 references.

19 references.

UDC 551.511.33

"On the Closing of the Equation of Heat Flux in the Boundary
Layer of the Atmosphere (According to Experimental Data)", Tsvang,
L. R., Collection: Teploobmen v atmosfere, "Nauka", 1972, p. 100.

A survey of works performed in the IFA with respect to meas-~-
urements of turbulent, radiation, and advective influxes of heat
is given, and also concerning measurements of the spectra of
turbulent heat fluxes at altitudes from 2.5 to 500 m. '

UDC 551.521.3

"Determination of the Radiation Heat Flux in the Boundary Layer
of the Atmosphere", Oppengeym, V. D. and G. P. Faraponova,
Collection: Teploobmen v atmosfere, "Nauka", 1972, p. 107.

Data are given relative to fluxes of short-wave and long-
wave radiation in the daytime and nighttime over the steppe and
over the sea, measured from an aircraft by means of radiation
thermoelements. The magnitudes of the radiation variation of the
temperature for the lower layers of the troposphere up to an-alti-
tude of 1500 m were calculated. 1 table, 1 illustration, 1 refer-

ence.

UDC 551.521
"Some Problems of the Methodology of Measurement of Average Fluxes

of Short-wave Radiation in Cloud Cover", Mullamaa, Yu. R., V, K.
Pyldmaa, and M. A. Sulev, Collection-Teploobmen v atmosfere,

"Nauka", 1972, p. 111.
In measurements of the varlable process, one readling taken
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separately 1s random in nature, and therefore for obtaining reli-
able informatlon a certain averaging 1s required. On the basis

of experimental material it was demonstrated that in measurements
of fluxes of short-wave radiation in a.cloudy atmosphere averaging
throughout a space of 25-100 km is required and the optimum dis-
cretization spacing is located within limits of 0.4-7.0 km. Ade-
quate averaging in space or time makes it possible to decrease the
dispersion of the average radiation flux by an order of magnitude
in comparison with one reading taken separately. For a further
decrease in the error, a considerable increase in the averaging
scale 1s required, which is usually practically impossible. Thus,
in measurements of the average radiation fluxes in natural condi-
tions the accuracy of the result obtained 1s determined not only
by the accuracy of the instruments but primarily by the nature of
the variabllity of the quantity being measured. 4 illustratilons,
3 references.

UDC 551.521; 551.576

"On the Accuracy of the Averaging of Total Radiation Fluxes",
PylgT%a, V. K., Collection: Teploobmen v atmosfere, "Nauka", 1972,
P. .

The nature of the varlabillty of the field of total radiation
in time depends upon the form and quantity of the clouds and there-
fore also the accuracy of the determination of average fluxes of
radiation depends upon the parameters of the cloud field. By using
experimental data concerning the variablility of the radiation fleld,
the degree of accuracy of averaging of the fluxes of total radia-
tion in certain specific condltions of cloud cover that it 1s pos-
sible to achleve 1s considered. 5 illustrations, 2 references.

UDC 551.521; 551.576

"On the Methodology of the Study of the Statistical Structure of
Ground Fluxes of Solar Radiation in Cloudy Conditions", Timanov-
skaya, R. G. and Ye. M. Feygel'son, Collection: Teploobmen v atmos-
fere, "Nauka", 1972, p. 125.

Estimates of the steady-state nature of the process of the
variability in time of total radiation fluxes at the surface of
the earth according to data from continuous recordings of actino-
metric measurements are given. The maximum period of observatlons
is determined that 1s adequate to obtain reliable characteristics
of the statistical structure of the fluxes in conditions of cumulus
cloud cover and continuous cloud cover of various forms. 1 table,
2 1llustrations, 2 references.

UDC 551.521; 551.576

"Total Radiation at the Surface of the Earth in Various Conditions
of Cloud Cover", Pyldmaa, V. K. and R. G. Timanovskaya, Collection:
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Teploobmen v atmosfere, "Nauka", 1972, p. 131.

The variability in time of fluxes of total radiation at the
surface of the earth in various forms and number of points of cloud
cover is investigated. Certain statistical parameters of the total
radiation field in cumulus cloud cover are considered. 3 tables,

5 1llustrations, 1 reference.

UDC 551.576 | /152
"Some Parameters of Cumulus Clouds Obtained According to Photo- ———
graphs of the Sky and from Ground Actinometric Measurements",
Timanovskaya, R. G. and Ye. M. Feygel'son, Collection: Teploobmen

v atmosfere, "Nauka", 1972, p. 138.

According to photographs of the sky and from ground actino-
metric measurements the interrelationship of the general number of
points of cumulus clouds and the zonal number of points in the direc-
tion to the sun with the duration of sunshine is discussed. 2
tables, 4 illustrations, 5 references.

UDC 551.521; 551.576

"Fluxes of Solar Radiation at the Surface of the Earth in Cumulus
Cloud Cover", Timanovskaya, R. G. and Ye. M, Feygel'son, Collection:
Teploobmen v atmosfere, "Nauka", 1972, p. 146.

The statistical structure of fluxes of direct and total radi-
ation at the surface of the earth as a function of the state of
cunmulus cloud cover is investigated, characterized by the general
number of points of cover and by the duration of sunshine. 2 tables,

10 illustrations, 3 references.

UDC 551.521; 551.576
"Spatial Structure of the Field of Short-wave Radiation in Strato-

cumulus and Cumulus Cloud Cover", Sulev, M. A. Collection:
Teploobmen v atmosfere, "Nauka", 1972, p. 152.

An airborne investigation was made of the spatial variabil-
ity of the fields of short-wave radiation and cloud cover for
clouds of the Sc and Cu forms. Average statistical characteris-
tics of the fields indicated are given (autocorrelation function,
spectral density, variability factor). In a case of Sc the corre-
lation radius for radiation fluxes varies within limits from 1.5
to 35 km, the variability factor from 0.15 to 0.5. With Cu the
average correlation radius is equal to 0.8 km, the variation
factor to 0.3. 1 table, 6 illustrations.

UDC 551.576
"Structure of the Field of Cumulus Clouds", Mullamaa, Yu. R.,

V. K, Pyldmaa, and M. A. Sulev, Collection:Teploobmen v atmosfere,

"Nauka", 1972, p. 161.
A theoretical analysis was made of ground and airborne meas-

urements of the presence of clouds in the direction of the zenith.
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By modeling the cumulus cloud covey of the normal random surface,
limited from a certaln level, analytical formulas were obtained
for the autocorrelation function, probability density of the num-
ber of openings in clouds as a function of their duration (or
length), frequency of openings or clouds, i.e., their number per
unit of length or unit of time. A good agreement of the model

with the experimental data is observed. 3 illustrations, 3 refer-
ences.
UDC 551.576

"On the Transmission of Solar Radiation by Stratoform Cloud Cover
as a Function of the Statistical Characteristics of its Structure",
Mullggaa, Yu. R., Collection: Teploobmen v atmosfere, "Nauka", 1972,
p. 1l66.

The variability of the transparency of an optically dense
cloud layer is theoretically considered as a function of the vari-
ability of its optical thickness, caused by the variability of
the altitude of the lower and upper boundaries, the absolute hu-
midity, and the microstructure. In the analysis it is proposed
to consider the optical thickness of stratoform cloud cover as a
normal random function. It was found that the probability density
function is asymmetrical and extended toward the side of greater
transparency. Approximate formulas were derived for consideration
of the dependences of the average transparency and transparency
dispersion upon the average optical thickness and its dispersions.
It turns out that the average transparency is a direct function
of the dispersion of the optical thickness and an inverse function
of the average optical thickness. The dispersion of the trans-
parency in the first approximation depends linearly upon the dis-
persion of the optical thickness and is proportional to the trans-
parency of a homogeneous layer to a power of four at the average
optical thickness. For a description of the light regime in
heterogeneous media, aside from average characteristics of the
media, it is necessary to know their dispersions, correlation func-
tions, and in the solution of certain problems also the distribu-
tion functions. 3 illustrations, 1 reference.

UDC 551.576 _

"On the Coverage of the Sky by Clouds' Avaste, 0. A., Yu. R.
Mullamaa, Kh. Yu. Niylisk, and M. A. Sulev, Collection:Teploobmen
v atmosfere, "Nauka", 1972, p.l73.

Three calculation schemes are given for determination of the
averaged values of the probability of the coverage of the sighting
direction and the number of points of cumulus cloud cover as a
function of the average coverage in thé direction of the zenith
and the nature of the distribution of clouds throughout the sky.

A satisfactory agreement is observed between the results obtained
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according to various calculation schemes. In cumulus clouds, the
coverage of the sighting directions by clouds begins to increase
considerably at zenith distances greater than 50°. The number of
points of cumulus cloud cover measured from artificial earth satel-
lites is always less than the number of points at the earth's sur-
face, which must be born in mind in the use of satellite data

with reference to ground conditions. A satisfactory agreement of
the calculated data with the experimental data 1s observed. 2

illustrations, 5 references.
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